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Abstract
This thesis discusses progress made towards assembling molecular building blocks in the
presence of our molecular host of choice, cucurbit[8]uril (CB[8]). Our studies on the self-
assembly of synthetic and biological components in water bridge overlapping concepts
and techniques drawn from the fields of synthetic organic chemistry, supramolecular
self-assembly, and applied NMR techniques.
Chapter 1 introduces the reader to chemical complexity, and how supramolecular chem-
ists have advanced in their capability of assembling more complex molecular architec-
tures. The discussion focusses particularly on self-assembly carried out in the aqueous
phase, and how, like in biology, molecular design of the building blocks become critical
in enabling non-covalent assembly to occur in this dynamic, and relatively competitive
environment. The cucurbit[n]uril family of molecular hosts are then introduced with an
overview of their modes of binding, and affinities towards typical guests. Finally, a prac-
tical introduction to NMR methods gaining prominence in supramolecular chemistry is
presented. In particular, the use of diffusion NMR, a key tool for probing the solution
dynamics of molecular assemblies, is highlighted.
Chapter 2 details work carried out on the CB[8]-mediated self-assembly of supramolecu-
lar block copolymers from polymeric, and small molecule building blocks. Here, end
group-functionalised polymer guests were shown to assemble with small molecule ditop-
ic guests in the presence of CB[8] to form block copolymers. Copolymers of various mo-
lecular weights were assembled, and the supramolecular complexes were studied using
solution viscometry and diffusion NMR. This study represented the first use of diffusion
NMR for probing the assembly of polymeric guests with CB[8].
Chapter 3 describes the self-assembly of CB[8] with complementary ditopic guests. High
molecular weight supramolecular polymers are known to form through the step-growth
assembly of complementary ditopic building blocks. Here we sought to probe CB[8]’s
ability to drive supramolecular polymerisation. Solution viscometry, ESI-MS, and diffu-
sion NMR were used to investigate the self-assembly process, which indicated that cyclic
oligomers had formed. The relatively low solubility of CB[8] in water was thought to be
a major limitation to polymer formation in this instance.
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Important observations relating to the effect of salts on the solution viscosities and stabil-
ities of the complexes, are also discussed.
Chapter 4 places emphasis on the synthetic methods employed towards preparing mul-
tivalent guests for CB[8] binding studies. Our synthetic guests were based on water-
soluble oligomers of ethylene glycol. A bidirectional elongation route is presented for
accessing higher molecular weight, and monodisperse ethylene glycol oligomers (n = 12)
in suitable purity.
Chapter 5 describes the assembly of protein-polymer conjugates, and the versatility of
diffusion NMR as a means to probe the assembly process. Here, end group-functionalised
poly(ethylene glycol) guests were appended to bovine serum albumin (BSA) through a
mixed chemical ligation-self assembly protocol. The NMR studies conducted are em-
phasised here, which served to complement other characterisation methods used that
are reported elsewhere.
Chapter 6 discusses ongoing work on lipid-based guests, and the resulting liposome as-
semblies formed. Head group-functionalised phospholipid guests, and cholesterol-based
guests were synthesised. Phospholipid guests were obtained through an enzymatic route,
a novelty in our group. Dye-encapsulated liposomes were then assembled, purified, and
characterised by fluorescence microscopy. Finally, we sought to optimise lipid formula-
tions to enhance liposome stability, towards conducting molecular recognition studies in
the presence of CB[8].
Chapter 7 then closes the thesis with concluding remarks that summarise the described
research, while highlighting points of note.
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Chapter 1
Introduction
This chapter introduces the reader to the main concepts found in this thesis that are not
discussed in detail in subsequent chapters. The discussion opens by relating complexity,
as seen in natural systems, to that observed on the molecular level; emphasising the res-
ulting emergent properties that manifest at the material level. Progress in supramolecu-
lar chemistry, and the transition towards manipulating noncovalent interactions in an
aqueous environment, is then highlighted. In particular, I emphasise molecular motifs
that successfully overcome the challenges associated with working in the presence of
competitive water molecules. I then follow with an introduction to the molecular host-
guest system central to this thesis, that of cucurbit[n]uril hosts. NMR techniques are
a versatile probe in supramolecular chemistry, and in the final part of this chapter, an
overview is given of some important techniques that are particularly relevant to probing
molecular dynamics. This builds up to the method of choice used herein, diffusion NMR.
1.1 Chemical complexity and molecular self-assembly
The past century has seen science make the gradual transition from the study of indi-
vidual components, towards probing their collective function at the systems level. Nu-
merous examples of complexity exist in the natural world, for example, the eusocial
colonies formed by ants, termites, and the honey bee, which exhibit swarm intelligence.1–3
Currently, globalisation is enabling rapid information transfer that is unparalleled in his-
tory, setting a new pace for civilisation. Many are fascinated by this emergence (Fig. 1.1),
the process through which complexity arises.4 The seemingly random, chaotic behaviour
seen in bird flocks,5 business,6 or in chemical systems,7–9 may actually originate from a
very simple set of rules.10–12 Understanding these rules at the molecular level and how
they determine those properties observed at the macroscale,13 provides the chemist with
unprecedented control over the assembly of adaptable materials,14 and programmable
cells.15
1
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Figure 1.1: The emergence of chemical complexity, from molecular building blocks, to
cellular machinery.
1.1.1 The advent of supramolecular chemistry
Fig. 1.2 shows the development of supramolecular chemistry over the past century. It
begins with the early discoveries of noncovalent interactions16 such as Van der Waals
forces, hydrogen bonding, and Fischer’s proposed lock and key hypothesis at the turn of
the 20th century.17 Then, in 1962, the Nobel Prize in Physiology or Medicine was awarded
to Watson and Crick for their elucidation of the double-helix structure of DNA in 1962.18
Later, work by Pedersen,19 Cram,20,21 and Lehn22,23 on molecular recognition based on
noncovalent interactions, led to the launch of supramolecular chemistry. Since gaining
widespread recognition as a field since the awarding of the 1987 Nobel Prize in Chemistry,
supramolecular chemistry has grown significantly, with an expanding international com-
munity that are pushing forward old boundaries, providing new insights, and exploring
previously untouched frontiers. Current technology can successfully build assemblies
from the bottom up, assembling complex architectures using such building blocks as
DNA,14,24–26 peptides,27,28 saccharides,29,30 lipids,31–33 as well as synthetic polymer com-
ponents.34–37
1900 1950 2000
discovery of
non-covalent interactions
elucidation of
DNA structure
‘supramolecular‛
field is born
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O
O
O
+
higher-ordered
assemblies & protocells
Figure 1.2: A schematic timeline of progress in the field of supramolecular chemistry
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More recently, supramolecular chemists have been turning their gaze towards a sys-
tems approach.38 Here, assembly processes operate under nonequilibrium conditions,39,40
whereby a system becomes energetically poised to change state, and hence undergo dy-
namic self-assembly.29,30,41–45 Furthermore, the creation of networks of molecular cas-
cades46–49 and the incorporation of feedback loops,50–52 offers a new path through which
to breathe life into the higher-ordered molecular assemblies formed.
1.1.2 The transition from assembly in organic solvents, to water
Numerous supramolecular assemblies have been reported in organic solvents, along with
a huge growth in the library of molecular components now accessible. Notable examples
include multiple H-bonding motifs based on ureido-pyrimidinones35 and bis-urea ar-
rays.53 Interlocked molecules such as rotaxanes54 and catenanes,55 as well as transition
metal-containing terpyridine systems,56 are also prominent functionalities. In tandem
with advances in chemical biology, a great need has emerged towards elucidating the
noncovalent interactions underlying both the structural, and functional complexity ob-
served in natural systems. Towards this end, the transfer of the knowledge acquired in
organic systems, to the aqueous domain has become extremely important.
H-bond assisted
ion-pairing
H-bond assisted
hydrophobic stacking
host-guest
recognition
ion-pair induced
stacking
+ -
+-
N
R R
O
N
O
O H H
N
N
H H
H
H
N
NN
N
O
R
N
H
H
H
H-bonding
regionHost
OH
HO
N N
+
Alkyl-PEG
H-bonding
region
N NN
O
N
O
RR
H H H H
Figure 1.3: Notable chemical motifs capable of noncovalent self assembly in water. Ex-
amples include, the ion-pair driven dimerisation of zwitterions,57–59 hydro-
phobic pocket-containing bis-urea assemblies,53 host-guest complex forma-
tion,60,61 and G-quadruplex stacking.62–64
Progress in aqueous synthetic assembly has been discussed in several recent reviews,65–67
and is important in both emulating biological systems as well as for moving towards
greener processes in general. Water is itself a complex solvent, the physics of which is
a fertile field of scientific study.68 Chemical strategies towards building supramolecular
assemblies that can withstand the competitive and dynamic nature of an aqueous envir-
onment are still being explored, and some notable examples are provided in Fig. 1.3.
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It is worthy of note that in each case, multiple non-covalent interactions work in concert,
as is the case in nature.
Schmuck et al. have shown that water-soluble, guanidiniocarbonyl pyrrole carboxylate
zwitterions assemble intermolecularly in a head-to-tail through a combination of six H-
bonding interactions, aided by ion-pair formation (Fig. 1.3).57–59 The dimerisation pro-
cess could take place in water with a surprisingly high association constant of 170 M−1,
and in DMSO, the presence of ionic interactions was estimated to enhance binding by a
factor of 109 at least.
Bis-urea arrays designed by Bouteiller et al. could assemble in a variety of solvents over
a range of polarities, from water, to toluene (Fig. 1.3).53 A combination of both mul-
tiple H-bonding, and hydrophobic interactions ensured the formation of long rigid fila-
ments in water, aprotic polar solvents, as well as in nonpolar solvents. The use of alkyl-
poly(ethylene glycol) (PEG) groups provides an elegant example of molecular design,
ensuring water solubility while providing hydrophobic pockets69 that help shield the
water-sensitive H-bonding arrays.
A host-guest chemistry approach towards aqueous self-assembly (Fig. 1.3) has also be-
come feasible owed to the availability of water-soluble hosts such as cyclodextrins70 and
cucurbit[n]urils,60,61 which are available in numerous (cavity) sizes. A combination of
Van der Waals, hydrophobic interactions, ion-dipole, and charge-transfer interactions are
at work to stabilise the complexes,60,61,71,72 enabling differing specificities towards guests
depending on the host’s cavity size.
By overcoming the challenges presented by self-assembling molecules in water, tradi-
tionally organic-based motifs are now seeing application in aqueous systems. For ex-
ample, Stoddart et al. have recently assembled their mechanically interlocked donor-
acceptor [2]catenanes in water.73 The kinetically-controlled catenations were templated
by strong hydrophobic, and pi-pi interactions, while subsequent covalent interlocking was
achieved post-assembly. Water solubility of the system was imparted by the presence of
the CF3CO2− and Cl− counterions of the tetracationic cyclophane components.73 Meijer
et al. were able to assemble C3-symmetrical benzene-1,3,5-tricarboxamide-based discotic
amphiphiles into helical, columnar aggregates of controlled lengths in water by balancing
out multiple attractive and repulsive interactions.74 Worthy of note is that hydrophobic
interactions were responsible for the aggregates’ stability, while increasing the charge
density of the peripheral ionic groups drastically altered the cooperative mechanism of
aggregate formation, as well as their aspect ratio.
4
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It is also important that we understand the underlying molecular interactions central to
supramolecular chemistry, some of which are illustrated in Fig. 1.4. Much confusion has
been prevalent in the scientific literature with respect to noncovalent interactions. One
reason for this is that progress has not always been met with the appropriate renaming
of the described phenomena.
pi-pi interactions (Fig. 1.4), for example, are not due to attractive pi-pi interactions as in-
dicated. In fact, a more accurate description, is that the observed stacking between
pi-systems occurs when the attractive interactions between pi-electrons (δ−) and the σ-
framework (δ+), outweigh the unfavourable repulsion that exists between the pi-electron
systems (δ−).75 Furthermore, the facial offset that is commonly observed between pi-
stacked aromatic systems further indicates that some large electrostatic barrier to max-
imal pi-overlap must exist. pi-pi interactions should then be more appropriately termed
pi-σ interactions. Nevertheless, while it is pi-σ interactions that determine the observed
geometry of the stacking; Van der Waals, as well as solvophobic effects, do provide a
large contribution towards the magnitude of the stacking interactions observed.75
π-π interactions
R
O
N
cation-π
interactions
O
O
N
H
O
N
H
n   π*
interactions
ion-dipole
interactions
O
O
O
O
+
n  π*
H-bond
α-helix =
Figure 1.4: Examples of noncovalent interactions that play a major role in structural
biology.
Another misleading example is the representation of the oxygen lone pair electrons of
water and carbonyl groups, commonly depicted as rabbit ears,76 albeit a better description
of water in the bulk. On the molecular level, water in fact does not have rabbit ears,76 and
carbonyl groups, instead, have their two oxygen lone pairs of electrons sitting at 12-, and
3 o’clock positions.77 Furthermore, the carbonyl lone pairs do not reside in degenerate
sp2-hybridised orbitals, but rather in non-degenerate, s-rich and p-rich orbitals. Biology
makes use of both of these lone pairs, which are critical in α-helix formation in proteins.
In this case, the s-rich lone pair forms H-bonds with proximal amidic protons, while the p-
rich lone pair forms what are known as n→pi* interactions with the anti-bonding orbitals
of proximal carbonyl carbon atoms (Fig. 1.4).77–80
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If one is to move towards aqueous self-assembly from a biomimetic standpoint, one can-
not ignore the difference between dilute or buffered aqueous solutions, and the aqueous
environment presented by the cellular cytosol. The cytoplasm contains up to around 40%
macromolecules, consisting of high molecular weight proteins, nucleic acids, and poly-
saccharides. These macromolecules, in addition to the numerous electrolytes dissolved
in the cytoplasm, give rise to what is referred to as a crowded environment.81,82 Such
macromolecular crowding gives rise to assembly phenomena that otherwise would not
occur.83,84 This proceeds through an excluded volume principle, whereby, in a crowded
environment, the equilibrium favours compact conformations, for example, the native
(folded state) of globular proteins. The crowding molecules may also interact with the
folded, or unfolded states of the protein, shifting the equilibrium accordingly. One emer-
ging technique in particular that seeks to investigate proteins in the crowded cellular
environment, is In-Cell NMR,85–88 where one can directly probe protein conformation as
a function of changes in the cell.
1.2 Cucurbit[n]urils as molecular hosts in water
1.2.1 Discovery, synthesis, and separation of CB[n]
Cucurbit[n]urils (CB[n], n = 5-10) are barrel-shaped molecular hosts named after the
genus Cucurbita (e.g. pumpkins and squashes), and are cyclic oligomers based on re-
peating monomer units of glycoluril. CB[n]s have a cavity size ranging from 4.4-8.8 Å
(for CB[5]→CB[8]), with a portal diameter ranging from 2.4-6.9 Å. This corresponds to a
cavity volume range of 82-479 Å3,89 which results in discernible features in the host-guest
chemistry of the different CB[n] homologues. The carbonyl-laced portals are weakly ba-
sic, with CB[6]’s conjugate acid having a pKa of 3.02. CB[n]s also show very high thermal
stabilities, decomposing at around 400 oC.89
The water solubility of CB[n]s varies across the family in an odd-even fashion, indic-
ative of the altered arrangement of H-bonding water clusters between the homologues in
aqueous solution, and a feature similar to that of linear (oligo)ureas.90 CB[5] and CB[7]
show relatively enhanced solubilities of 20-30 mM in neutral water, whilst CB[6] and
CB[8] have much lower solubilities of 0.018, and <0.01 mM, respectively.89 CB[n]s show
a strong preference for cationic guests, since their carbonyl-fringed portal is electrostatic-
ally negative. The inner face of the cavity is also relatively negative, and the outer face is
positive by comparison.91 CB[n]s also exhibit a degree of flexibility in their binding, and
are known to create an induced fit, constrictively binding sterically bulky guests.92,93
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The glycoluril oligomers were first isolated in 1905 by Behrend et al.94 by the condens-
ation of paraformaldehyde with glycoluril under acidic reflux (Figure 1.5).94 This cross-
linked polymer, described initially as leather-like, was virtually insoluble in all tested
solvents, and remained poorly characterised. The heightened interest in the CB[n] fam-
ily, particularly over the past three decades, has led to the consecutive isolation of each
CB[n] homologue. CB[6], the most stable homologue, was first isolated in 1981,95 fol-
lowed by CB[5-8] in 2000,96 and CB[10] in 2005.97 CB[9] is yet to be isolated, and CB[10]
is isolated as a CB[5]:CB[10] inclusion complex.
H+ / H2O
conc. HCl
precipitate
conc. H2SO4
> 100 oC
CB[6]
CB[n]: n = 5-10
NHHN
HN NH
H H
O
O
HCHO+
NN
N N
H H
O
O
CH2
CH2
n100 oC, 18 h
O
O
NH2H2N
O
i)
i) conc. HCl, 2 h, 60-95 oC
Figure 1.5: Synthesis of cucurbit[n]urils (n = 5-10) from urea/glyoxal starting mat-
erials.89,91,96,98
The individual CB[n]s are obtained in varying ratios depending on the temperature, acid-
ity, and concentration used during synthesis (Fig. 1.5). These factors significantly affect
the reaction kinetics of the step-growth oligomerisation route that leads to cyclisation.
The growing glycoluril-based oligomers are flexible in solution, and at n = 5-6, they be-
gin to exhibit recognition properties similar to that of the cyclised CB[5-6] in the presence
of ammonium guests. The reproducibly higher yields of CB[6] in CB[n]-forming reac-
tions has been found to be a result of the more numerous set of pathways leading to
CB[6], relative to CB[7-8].99 Purification of the individual CB[n]s has traditionally been
through extraction from acidic and then aqueous methanol mixtures, in which the CB[n]s
differ in their solubilities. More recently, this long and arduous task has been optimised,
by forming selective host-guest complexes with the CB[n]s.100 Upon complex formation
with a specific guest, the CB[n]s exhibit an altered solubility, enabling their extraction
from the mixture. Further guests may then be added, and the remaining CB[n]s may be
purified sequentially in a matter of days.100
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1.2.2 Host-guest recognition properties of the CB[n] family
Fig. 1.6 illustrates typical guests that have been shown to complex CB[5-8]. CB[5] shows
affinities towards alkali metal ions and organic cations (K ∼ 103 M−1), which bind to
its portal regions.91 For example, the solubility of CB[n]s in water may be enhanced
by the addition of NaCl. CB[6] has been found to bind to both larger, neutral and
cationic organic species with moderate association constants in water (K ∼ 105 M−1).
In the case of alkane diamines, this may range from K ∼ 102−6 M−1 depending on the
alkyl spacer length.89 CB[7] and CB[8] have the capacity to bind even larger guests,
including multicyclic aromatic systems. The slightly larger CB[8] can bind up to two
guests, which occurs in a stepwise fashion. For example, CB[7] and CB[8] both complex
the electron-deficient methyl viologen (MV, Ka = 1-2 × 105 M−1),101,102 and naphthyl-
methylimidazolium salts (Ka = 3-8 × 105 M−1). The binary complex, MV:CB[8], can then
go on to bind an electron-rich second guest in a stepwise manner, with association con-
stants between 102−5 M−1, depending on the guest, to form a ternary (1:1:1) complex.61
Interestingly, CB[8] has recently been found to form ternary complexes with two equival-
ents of naphthyl-methylimidazolium salts, that arrange in a head-to-tail fashion within
its cavity (Fig. 1.6).103
CB[8]
G1
N N
N
NN
N
OH
HO
N
H
2x
G2
CB[7]
Fe
OHN
N NN N
CB[6]
H3N NH3
O
2x
portal
binding
CB[5]
NH4
O2
Na+
N N N N
Figure 1.6: Typical guests that bind to CB[5],91 CB[6],104–108 CB[7],101,103,109,110 and CB[8]
(G1/2 = first and second guests, respectively).61,103,111,112
Worthy of note is the effect of guest-binding on CB[8]’s solubility. Upon formation of
the MV:CB[8] binary complex, CB[8] experiences an 80-fold increase in water solubility.
Furthermore, the viologen counterions impart a marked effect on the binary complex’s
solubility, according to the following trend Cl− > Br− > l−. One usually makes up a
solution of the binary complex first, followed by addition of the electron-rich second
guest, which, alone, is typically only sparingly soluble in water. Interestingly, ternary
complex formation with MV:CB[8], drags the hydrophobic second guest into solution.
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The assembly process may also be probed, for example by UV/vis, since an observable
colour change originating from charge-transfer absorptions becomes readily apparent, in
addition to significant encapsulation-induced chemical shifts and line broadenings that
occur in the NMR.
1.3 NMR methods for supramolecular chemistry
Nuclear magnetic resonance (NMR) spectroscopy113–116 is a versatile tool in supramolec-
ular chemistry, capable of probing structural, and spatial changes, both in the solid state,
and in the solution phase. Furthermore, NMR methodology is readily accessible, and
may be performed routinely by even those with little expertise in the underlying spec-
troscopy. For those who express an interest, one can study the NMR theory in more
depth in order to understand the elements of the experiment that make up the pulse
sequence.113,114 However, even then, it is unnecessary to delve into the heart of mathem-
atical matrices and quantum physics, from a practical standpoint at least.
In this section, the utility of NMR towards probing molecular interactions and dynamics
will be discussed. A more detailed discussion will then follow with respect to a tech-
nique known as Diffusion Ordered (DOSY) NMR, from which one may derive molecular
diffusion coefficients, hydrodynamic radii, as well as resolve chemical mixtures.
1.3.1 Probing dynamics and interactions between molecules
Beginning with molecular structure, NMR spectra may be interpreted on the basis of nuc-
lear shielding and J coupling. 2D techniques such as Correlation Spectroscopy (COSY,
Fig. 1.7) correlate protons to each other via this J coupling, and relies on protons being
around 2-3 bond lengths away in space. If one wishes to observe spins that are not dir-
ectly coupled, Total Correlation Spectroscopy (TOCSY) becomes superior, enabling one
to observe a total correlation between all protons of a chain, for example, single residues
in peptides, and monosaccharide units in oligosaccharides.117
Elucidating molecular conformation through molecular interactions in space is then pos-
sible using the Nuclear Overhauser Effect (NOE, Fig. 1.7), which occurs between protons
separated by less than 5 Å. This is important for probing molecular conformations in
proteins, as well as interactions between molecules that are bound noncovalently.108,118
Experimentally, one proton frequency is irradiated, and the resulting saturation of its
nuclear population distribution is given time to propagate to nearby protons, causing a
change in their nuclear population distribution. Subsequently, proximal protons acquire
an altered signal intensity as a result of NOE through-space coupling.
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Figure 1.7: NMR tools available for studying molecular dynamics in supramolecular
chemistry.
Such NOE experiments have been used to probe the orientation of synthetic, phosphol-
ipid head groups incorporated within bilayer membranes.119 Such applications typically
see the irradiation of a proximal peak of interest. In this case, for example, a glycerol
peak residing near the phospholipid head group. Upon irradiation, the glycerol peak di-
minishes in intensity due to saturation of its nuclear population distribution, but so does
that of the phospholipid headgroup, which in this case, exhibits back-folding and lies in
close proximity to the glycerol group. Other, non-proximal protons remain unaffected.
A similar NOE technique may be employed to investigate receptor-ligand binding, and
is termed Saturation Transfer Difference (STD) NMR (Fig. 1.7).120–122 This involves the
mixing of ligands and a receptor protein in solution. The protein resonances are then ir-
radiated, the nuclear population distributions of which become saturated. Once a ligand
binds to the protein, it too becomes saturated, to a magnitude that depends on its resid-
ency time within the protein’s binding pocket. During this process of saturation transfer
(through intermolecular NOEs), the populations occupying the higher and lower nuclear
energy levels equalise, and consequently, no NMR signals are observed for the bound lig-
and. Upon disassociation however, the free ligand once again generates an NMR signal,
though at a reduced intensity, since some saturation transfers with it into solution.
Interestingly, the protons that associate most with the protein receptor experience the
greatest intensity changes (a few per cent in magnitude). To better visualise these small
changes, the spectrum generated by the initial irradiation of the protein resonance, as
described above, is subtracted from a control spectrum for which irradiation was made
at a frequency far from any protein or ligand resonances.
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This generates the desired saturation transfer difference spectrum, and the signals of non-
binding ligands cancel out during this process. The screening of binding vs. non-binding
ligands, in addition to the information provided on the binding topology, makes STD
NMR an important tool for epitope mapping and ligand assays.121
Information on molecular mobility in solution (Fig. 1.7) may be derived from how nuc-
lear spins relax upon being perturbed by a radiofrequency (RF) pulse during an NMR
experiment, a process dependent on molecular tumbling (reorientation), and so, on mo-
lecular weight. Two relaxation processes contribute here, defined by the time constants
T1 (spin-lattice, or longitudinal relaxation time), and T2 (spin-spin, or transverse relax-
ation time). The different names for these relaxation processes, can be used to clarify
rather than to confuse, and we will now delve a little further into the fundamentals be-
hind these important processes, which will help guide our later discussion on diffusion
NMR.
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Figure 1.8: a) precession of the nuclear spins in the z-axis with an equilibrium net mag-
netisation vector, M0. A 90 ◦ RF pulse acts to synchronise the spins and reori-
entate them in the x-y plane. The spins begin to lose their coherence through
fanning out (T2 relaxation), and eventually return to their equilibrium mag-
netisation at M0 through T1 relaxation. b) the decay of net magnetisation in
the x-y plane as the spins lose their coherence through T2 relaxation, and the
emergence of magnetisation in the z-plane as the spins return to M0 through
T1 relaxation.
Beginning with a quantum mechanical (QM) model of nuclear spins in the presence of an
externally-applied magnetic field, the two QM-allowed nuclear spin states, spin-up (α),
and spin-down (β) occupy two energy levels, a higher energy level (spin-down) aligned
against the external magnetic field, and a lower energy level (spin-up) aligning with it.
From here, the nuclear spins, pointing up or down in their respective energy levels, do
so in populations dictated by the Boltzmann distribution, and each possess their own
magnetic dipole moments.
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Similar to how a gyroscope spins, and how the Earth undergoes axial precession, nuclear
spins also undergo precession (Fig. 1.8a), and their rotation traces out a pair of cones
joined at a conical intersection. The frequency of precession is termed the resonant Lar-
mor frequency, and denotes the R in NMR. For example, in a 500 MHz spectrometer, a 1H
nucleus will precess at a rate of 500 MHz, which lies within the RF energy range.
In the equilibrium state, the numerous spins precess with little coherence (i.e. in ran-
dom phase). However, upon applying, for example, a 90 ◦ RF pulse, the z-aligned spins
are pushed to the x-y plane (Fig. 1.8a). Furthermore, the RF pulse synchronises the spins,
which then precess together around the x-y axis in phase (i.e. with coherence). What hap-
pens next, is relaxation. The rotating spins, each acting as individual magnetic dipoles,
influence each other’s magnetic field. Unable to maintain their coherence, the spins lose
their synchronisation and fan out, returning to a state of precessing with random phase,
still about the x-y plane (Fig. 1.8a). Importantly, upon fanning out, the lack of coherence
leads to the cancelling-out of the net magnetisation in the x-y plane, which decreases
exponentially to zero (Fig. 1.8b). This relaxation mechanism is known as spin-spin, or
transverse relaxation, and is given the time constant T2 (Fig. 1.8b).
T2 relaxation is a relatively fast process (∼ 0.5 s); meanwhile, the nuclear spins also slowly
return to thermodynamic equilibrium along the z-axis (∼1.0 s). This exchange of energy
between the nuclear spins and their environment (the lattice) results in the emergence of
a z-magnetisation vector. This process is known as spin-lattice, or longitudinal relaxation,
and is given the time constant T1 (Fig. 1.8b).
Given that the local fields experienced by a molecule changes during solution tumbling,
it becomes clear that relaxation processes may be influenced by molecular mobility and
hence, molecular weight. The tumbling rates of different molecules, e.g. small organic
molecules (∼ 0.1 kDa), peptides and oligosaccharides (∼ 1 kDa), or proteins and nucleic
acids (10-100 kDa) are characterised by a rotational correlation time, τ c. While T1 relax-
ation times decrease with molecular weight below 1 kDa, and increase above 1 kDa; T2
shows a monotonic decrease over a large molecular weight range.
The contrast between T1/2 times is the basis for MRI imaging, since different tissues,
for example, the brain’s white/grey matter, cerebrospinal fluid, and muscle, have dis-
tinct lifetimes.123–126 From a practical standpoint, the T1 time is important, since when
acquiring data from multiple scans, one must wait for the nuclei to relax after pulses are
applied, prior to beginning the next acquisition. It is for this reason that certain NMR
experiments use a value of 5T1 (delay time), as a rule of thumb, since by that time, 99%
of the spins have reached equilibrium.
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Furthermore, integrating signals acquired with an incomplete delay time does not allow
for complete spin relaxation, which is inaccurate. In the case of end group-functionalised
polymer samples, where accurate end group:polymer ratios are desired, this becomes
highly relevant.
T1 measurement may be done through an inversion recovery experiment. This is carried
out using a 180 ◦ RF pulse (inversion), followed by relaxation along the z-axis (recovery),
which takes place with a characteristic time constant, T1. Since relaxation times, as dis-
cussed, are dependent on molecular mobility, T1/2 relaxation measurements have seen
application in supramolecular chemistry to investigate both the mobility, and rigidity,
of guest molecules residing noncovalently within supramolecular host cavities,109,127 as
well as for probing material architectures on the nanoscale, e.g. polymer brushes.128
T2 relaxation can also be used to differentiate between slow- and fast-moving species
in solution. A T2-filtering, Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence, can fil-
ter out the broad spectral lines of macromolecules and nanoparticles (short T2), leaving
behind only the peaks of small molecules (long T2).129 For the elucidation of protein
structures, particularly for the large supra-molecules of cellular machinery (Mw >100
kDa); rapid T2-decay can be a major problem that hampers signal resolution. Recently,
ground-breaking advances have appeared in this field with the evolution of techniques
such as Transverse Relaxation-Optimized Spectroscopy (TROSY NMR),130–133 which util-
ises NMR-active amino acid labels to isotopically-enrich common moieties found in pro-
tein domains, for example, their methyl groups (methyl-TROSY). This technique enables
the study of much larger protein complexes, for example, molecular chaperone proteins
close to 1000 kDa in molecular weight.131
1.3.2 The use of gradients to map diffusion
During a traditional NMR experiment, the NMR tube sits within a magnetically homo-
geneous environment. Rendering this experienced field inhomogeneous, was an idea
originally designed for MRI. The incorporation of magnetic field gradients would then
enable the encoding of spatial information in the FID, rather than simply chemical shift
information.
A typical experiment used to obtain molecular diffusion information, is the Pulsed Field
Gradient Spin Echo (PFGSE) experiment, the effect of which is illustrated in Fig. 1.9.
Here a set of 90 ◦, and 180 ◦ RF pulses are applied, separated by a time delay ∆ (50-100
ms, Fig. 1.10). After each pulse, a gradient is applied for a duration δ (2-10 ms, Fig. 1.10).
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Of importance in this technique is the spin echo, defined as such because, initially, a 90 ◦
RF pulse creates coherent precession of the spins in the x-y (acquisition) plane, which
generates a signal (Fig. 1.9). Subsequent elements of the pulse sequence (time delays and
RF pulses) act to destroy this coherence, and so, the signal. The signal however returns
later (or echoes), as precessional coherence re-emerges in the x-y plane.
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Figure 1.9: A Pulsed Field Gradient Spin Echo (PFGSE) experiment illustrating the effect
of molecular diffusion on the refocussing of precessing spins that have been
flipped by a 180 ◦ RF pulse. A signal (spin echo) results from the re-emergence
of coherent precession, and is significantly attenuated in the presence of mo-
lecular diffusion. Molecules of different diffusion coefficients become attenu-
ated to different degrees in the presence of a magnetic field gradient, enabling
the encoding of spatial information to the FID.114,134,135
Fig. 1.9 (top) depicts the PFGSE sequence in further detail, where a z-gradient is applied,
and a hypothetical case is assumed whereby no molecular diffusion occurs. On applic-
ation of a z-gradient, the coherently-precessing spins precess either faster or slower (i.e.
possess different phase shifts), according to their position along the gradient, forming a
helix out of their magnetisation vectors (Fig. 1.9, blue dashed lines). On application of a
180 ◦ pulse, the spins, and so the magnetisation helix, are flipped 180 ◦, from which they
are able to refocus (fan in) into coherent precession, resulting in an NMR signal.
Translational molecular diffusion within the sample (Fig. 1.9, bottom) means that during
the experiment, the spins experience different field strengths according to their position,
which is in constant flux.
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This flux results in a total lack of coherent precession upon applying the 180 ◦ pulse, since
the spins precess at different speeds to what they were before the 180 ◦ flip, and so do not
refocus as they did in the example where no diffusion occured. The resulting signal there-
fore becomes significantly attenuated (Fig. 1.9, bottom). Molecules of different sizes, and
therefore, diffusion coefficients, become attenuated to different degrees in the presence
of a magnetic field gradient, enabling the encoding of spatial information to the FID.
δ δ δ δ δ
∆
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3-9-19 WATERGATE sequenceStimulated Echo sequence (  ) + bipolar gradients (  )
π π π 3 3π π 19 19222 9 9
Figure 1.10: A typical 1D diffusion NMR pulse sequence (stebpgp1s19) used for measuring
aqueous samples.136 The traditional Stimulated Echo (STE) experiment (red),
eddy current-compensating bipolar gradients (yellow), and 3-9-19 WATER-
GATE water suppression elements (orange), are shown. Gz is the gradient
amplitude, the delay times δ and ∆, are the gradient duration, and separation
between the leading edges of the pulsed gradients, respectively. pi indicates
a 180 ◦ RF pulse.
Numerous variations of the PFGSE experiment described above have since become avail-
able to optimise and edit out unwanted artifacts. For studies in an aqueous environment,
suppression of the HDO peak is usually desired, which would otherwise dwarf the spec-
trum. Fig. 1.10 shows a typical diffusion-ordered (DOSY) NMR pulse sequence available
through Topspin that is typically used to measure aqueous samples.
The stebpgp1s19 experiment136 offers both the capability of measuring molecular diffu-
sion, as well as applying water suppression. A common, and very convenient feature
of many advanced NMR experiments, is their being built by stitching together pulse
sequences from different experiments. For example, in stebpgp1s19, a PFGSE-type, Stim-
ulated Echo (STE) sequence is used (Fig. 1.10, red),137 which incorporates bipolar gradients
(Fig. 1.10, yellow). These are two gradients of opposite polarity that are separated by a
180 ◦ RF pulse, and are often incorporated to edit out unwanted convectional eddy cur-
rents that develop from sample heating during pulse irradiation.
Attached to this STE pulse sequence, is a 3-9-19 WATERGATE water suppression se-
quence (Fig. 1.10, orange),136 which contains multiple pulses that together act to select-
ively annihilate the HDO peak.
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The multiple pulses, are termed 3-9-19, due to their division into 13 smaller pulses (each
∼ 7 ◦). The numbers 3-, 9-, and 19- are then multiples of this (21 ◦, 62 ◦, 132 ◦, respectively).
The pulses are first performed in one phase (3-9-19), and then in the opposite phase (3¯-9¯-
1¯9). What is actually achieved during the WATERGATE sequence is the 180 ◦ flip of the
whole spectrum, except for the water peak.
Diffusion NMR allows one to correlate chemical shift, which is presented on the y-axis
(F2 frequency domain), with molecular mobility (diffusion coefficient / m2 s−1) on the
x-axis (F1 frequency domain), and has become an extremely versatile tool in chemical
and biological supramolecular chemistry,121,135,138–140 and indeed mixture resolution in
general.141,142 Although plotted in 2-dimensions as described above, the experiment is
essentially a stack of 1D proton spectra that are run at different gradient increments, for
example, up to a maximum gradient of 32.03 G cm−1 over 16-64 steps. From a practical
standpoint, increasing repetitions in the F2 dimension, e.g. 5-100 scans, will yield a more
resolved set of proton spectra at each gradient increment. Meanwhile, more repetitions in
the F1 dimension, e.g. 16-64 scans, leads to significantly higher resolution in the diffusion
dimension, which is often preferred.
The choice of pulse sequence for diffusion studies is important. For example, where
macromolecules (shorter T2 times) are being studied,143 or where susceptibility to con-
vectional eddy currents, or NOE onset, becomes an issue. In such cases, the measured
diffusion coefficients can in fact depend on the choice of pulse sequence used.144 Further-
more, where spectral overlap occurs, the resulting diffusion peaks in the 2D spectrum
(Fig. 1.7) appear as an average diffusion value.
This inability to resolve overlapping peaks is a limitation of diffusion NMR, and a solu-
tion has been found in the development of 2D and 3D analogues. For example, DOSY-
COSY, or DOSY-TOCSY sequences.145 These expand the chemical shift (F2) axis of the
spectrum into multiple dimensions. Similar to how the 1D diffusion-ordered spectra
are obtained, a 3D analogue resembles a series of stacked 2D experiments e.g. COSY or
TOCSY, each acquired at different gradient increments, and possessing different diffusion-
weightings.135
Such methodology has seen outstanding applications in mixture analysis techniques kno-
wn as NMR chromatography. This separates out peaks that previously overlapped by
adding an agent that interacts differently with each component of the mixture. One can
add silica to the NMR tube,146,147 and, as different molecules adhere to the silica surface
to different degrees depending on their polarity, a separation in the diffusion dimension
is observed.
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Others have attempted to avoid having silica sitting in the NMR tube, which affects the
homogeneity of the field gradient. Other methods involve the addition of a high molecu-
lar weight, water-soluble polymer, such as poly(vinylpyrrolidone),148,149 or water-in-oil
(W/O)/oil-in-water (O/W) microemulsions.150
Diffusion coefficients obtained through diffusion NMR, may also be correlated to the
hydrodynamic radius, rH , through the Stokes-Einstein(-Sutherland) equation. Remark-
ably, diffusion NMR is also developing as a choice tool for molecular151,152 and poly-
meric153–155 mass distribution analysis, as a tool to probe ion-pairing,156,157 pi-pi stack-
ing,139 and, even as an alternative to the TEM size analysis of gold nanoparticles.158
1.4 Conclusions
Complexity science is gaining wider recognition in the chemistry community, and lead-
ing this new-found appreciation, are supramolecular chemists. Through understanding
the rules governing dynamic molecular interactions,159,160 nonequilibrium behaviour-
,39,161–163 and systems chemistry,47,164,165 chemists are becoming better placed to make
the leap from simply assembling molecular architectures, to enabling the architectures to
re-assemble themselves. Critical to this process is an understanding of the aqueous envir-
onment, and to not limit one’s self to a single molecular interaction or host-guest system.
Rather, just as in biology, complexity lies in the concerted use of multiple noncovalent
interactions, and uses a combination of both the more complex biomacromolecules, as
well as the most simple of small molecules.
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Probing CB[8]-mediated supramolecular
block copolymer assembly
Here we describe the assembly of guest-terminated poly(ethylene glycols) of various
molecular weights, with a small molecule ditopic guest in the presence of CB[8]. The
assembly process could be probed using diffusion NMR and solution viscosity, which
demonstrated the effect of increasing molecular weight of the polymer guest, on the mo-
lecular mobilities, and solution viscosities of the resulting assemblies.
2.1 Introduction
Cucurbit[8]uril (CB[8]) is one of the larger homologues of the macrocyclic, barrel-shaped
cucurbituril family of molecular hosts.89,91 Its hydrophobic cavity is large enough to ac-
commodate two molecular guests, forming ternary complexes in water.60 These tern-
ary complexes usually consist of an electron-deficient viologen (paraquat) first guest and
an electron-rich aromatic second guest such as naphthol,61 associating with the CB[8]-
host sequentially in a stepwise manner.60 The complexes are stable in water (Ka = 108−12
M−2)61,166 as well as stimuli-responsive.167
Recently, CB[8]’s complex formation with polymeric guests to form supramolecular co-
polymers has been demonstrated both in solution168 and in the gas phase.169 Supra-
molecular polymers56,168,170–173 exhibit intelligent self-assembly akin to that seen with
biological building blocks,65 and have attracted much interest, demonstrating a range of
stimuli-responsive properties both in solution174 and in the bulk.36,175 Supramolecular
polymers therefore combine the material features of macromolecules, such as the ability
to form gels,176 and higher-ordered, compartmentalised structures,67,177 with the tunab-
ility offered by assembling individual small-molecule building blocks.
Previously, our group has demonstrated the CB[8]-mediated assembly of supramolecular
AB diblock copolymers from viologen- and naphthol-terminated polymers based on the
hydrophilic poly(ethylene glycol) (PEG), and hydrophobic poly(isoprene).168
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In the presence of CB[8], a naphthol guest-terminated PEG, A block, and a low molecular
weight ditopic viologen guest, B block (MVdimer), were found to form discrete supra-
molecular ABA triblock copolymer complexes.169 The discrete, multi-component assem-
blies remained stable even in the gas phase as probed by nano-electrospray mass spec-
trometry (nano-ESI-MS).169
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Figure 2.1: The synthetic building blocks used in this self-assembly study, P1 (Mn = 1100-
8000 g mol−1), P2 (Mn = 19,000 g mol−1), MVdimer, and CB[8].
In this chapter, we apply the versatility of diffusion-ordered (DOSY) NMR135 towards
probing the CB[8]-mediated ABA triblock copolymer formation in solution. This non-
invasive, and in situ technique maps the assembly process as a 2-dimensional NMR spec-
trum, correlating chemical shift against diffusion coefficient (D).138,178 Solution viscosity
measurements, and isothermal titration calorimetry (ITC), were also used, and comple-
mented that observed using NMR and ESI-MS.169
2.2 Results and discussion
Fig. 2.1 shows the components used in this study; a triethylene glycol (TEG)-spaced
viologen dimer MVdimer, and two polymers, a naphthalene-terminated PEG (P1, Mn =
1100-8000 g mol−1) and a dibenzofuran-terminated poly(N-isopropylacrylamide) (PNIPA-
AM) (P2, Mn = 19,000 g mol−1). The dibenzofuran polymer end-group is used here
simply as a suitable alternative second guest.61,179
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A pulsed field-gradient stimulated-echo (PFGSE) sequence with 3-9-19 water suppres-
sion (stebpgp1s19)136 was used for all DOSY measurements. Fig. 2.2 shows a 2D DOSY
plot of MVdimer and P15K (Mn = 5000 g mol−1) prior to the addition of CB[8] (Fig. 2.2,
top). The diffusion coefficients of the two components are clearly separated as the poly-
meric and small molecule guests diffuse as single molecular species (log D = -10.12 and
-9.53 m2 s−1 respectively). Upon adding CB[8] (Fig. 2.2, bottom), the NMR signals of
both MVdimer and P15K now share a single diffusion coefficient (log D = -10.2 m2 s−1),
diffusing as one entity. The aromatic signals of MVdimer and P15K also showed up-
field shifts and significant line-broadening by NMR upon complexation as is typical for
CB[8]-binding.168,169
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Figure 2.2: A 2-dimensional water-suppressed DOSY plot illustrating a two-component
system consisting of P15K and MVdimer prior to adding CB[8] (top), and
a five-component ternary complex after CB[8] addition (bottom). 500 MHz,
D2O at 20 oC.
A 1-dimensional Stejskal-Tanner plot180,181 (Fig. 2.3) of decreasing signal intensity (I/I0)
over increasing gradient strength (b parameter, Fig. 2.3, caption) shows the acquired
diffusion data instead as a straight line graph where the slope equals the diffusion coef-
ficient.
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In Fig. 2.3 a very significant decrease in diffusion of MVdimer is observed upon adding
CB[8] to a solution of the high molecular weight P2 (Mn = 19,000 g mol−1) and MVdimer
(2:1). The MVdimer then diffuses with the same diffusion coefficient as P2 upon ternary
complex formation.
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Figure 2.3: A Stejskal-Tanner plot showing a two-component system consisting of P2
(Mn = 19,000 g mol−1) and MVdimer prior to adding CB[8], and the five-
component ternary complex after CB[8] addition. The change in DMVdimer
upon CB[8] addition is especially marked (curled arrow). Slopes (log D /
m2 s−1) are shown in brackets. Key: MVdimerfree (blue), P2free (green),
MVdimerbound (yellow) and P2bound (red). 500 MHz, D2O at 20 oC. b =
4pi2·γ2·Gi2·δ2·(∆-δ/3)·1×10−5.
Both complexes with P1 and P2 were shown to be discrete, 5-component (2:1:2) com-
plexes both in the gas phase (nano-ESI-MS) and in solution;169 In the case of P1-based
complexes, ITC measurements (Table 2.1) confirmed this for a number of molecular wei-
ghts (Mn = 1100-8000 g mol−1). An MVdimer-CB[8] (1:2) binary complex forms ini-
tially, which then incorporates two molecules of polymeric guest (P1, P2) to form the
5-component ternary complex.60
To probe the molecular weights of the complexes further, a calibration plot (Fig. 2.4) was
prepared relating the diffusion coefficients of commercially available hydroxy-terminated
PEGs (HO-PEG) to their molecular weight (Mn = 200-20,000 g mol−1, blue circles). Over-
layed on this plot are P1free (Mn = 1100-8000 g mol−1, green circles) along with the tern-
ary complexes formed on adding CB[8] (hollow red circles). All solutions of HO-PEG
and P1 were measured in the presence of MVdimer (2:1 stoichiometry) so as to keep the
solution viscosity constant between samples.
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Table 2.1: Binding constants for the complexation of MVdimer:2CB8 with guests G, as
determined by ITC in buffered aquesous solutions at 298K.
Guest (G) Ka ∆Gaq
(M−1) (kJ/mol)
2,6-dihydroxynaphthalene 3.0 · 105 -31.25
Np-PEG-OMe (1.1K) 3.4 · 104 -25.85
Np-PEG-OMe (2K) 2.6 · 104 -25.18
Np-PEG-OMe (5K) 1.6 · 104 -23.87
The complexes were predicted to approximately double in weight upon CB[8] addition
when compared to their respective P1free based on a 2:1:2 stoichiometry. A good over-
lap was observed as shown in Fig. 2.4, and the doubling in molecular weight is clearly
evident upon ternary complex formation (Fig. 2.4, dashed arrows), further confirming
the 2:1:2 solution stoichiometry.
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Figure 2.4: A log-log molecular weight calibration graph plotting D of commercially
available HO-PEGs (Mn = 200-20,000 g mol−1, blue) with an overlay of P1free
(Mn = 1100-8000 g mol−1, green), and the 2:1:2 ternary complex upon CB[8]
addition (Mn = 2200-16,000 g mol−1, hollow red). D2O at 27 oC (400 µM
MVdimer in all samples).
Another observation during DOSY studies into P1 and P2 assembly with MVdimer-
CB[8] (1:2) was the difference in the diffusion coefficient of MVdimerfree in the presence
of P1 (log DMVdimer = -9.53 m2 s−1, Fig. 2.2, top) compared with P2 (log DMVdimer =
-9.08 m2 s−1, Fig. 2.3), prior to any CB[8] addition.
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This was thought to be due to the different molecular weights of P15K and P2 (Mn =
19,000 g mol−1) but further investigation found that MVdimer diffusion was independ-
ent of the surrounding polymer’s molecular weight (Fig. 2.5). The difference was in fact
rationalised to be due to the inherently different environments felt by the TEG-based, tet-
racationic MVdimer in the presence of a PEG-based P1 versus that of a PNIPAAM-based
P2.
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Figure 2.5: Variation of DMVdimer in the presence of increasing molecular weight of ad-
ded PEG. 27 ˚C, δ = 2-2.16 ms.
Solution viscosity studies in water were also performed, where a doubling in the molecu-
lar weight during ternary complex formation was expected to manifest itself as a reason-
able increase in solution viscosity.171,182,183 As shown in Fig. 2.6, the specific viscosities
(ηsp) were measured for solutions containing MVdimer and either P1 (Mn = 1100-8000 g
mol−1, green circles) or HO-PEGs (Mn = 1100-12,000 g mol−1, blue circles) in a 1:2 ratio.
Ternary complex solutions upon CB[8] addition (Mn = 2200-16,000 g mol−1, hollow red
circles) were also plotted. A good overlap was observed between the viscosities of P1
and their unfunctionalised, HO-PEG analogues. Upon CB[8] addition, a doubling in mo-
lecular weight is indeed associated with a regular increase in viscosity as indicated by
dashed arrows in Fig. 2.6. The ternary complexes (hollow red circles) exhibited slightly
lower viscosities than predicted for their molecular weight along the PEG and P1 calib-
ration plot. This reduction in viscosity was attributed to the effect of CB[8] addition; this
was also observed upon adding increasing amounts of CB[8] to HO-PEGs of different
molecular weights, where a marked reduction in reduced viscosity was observed (Fig.
2.7).
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Figure 2.6: A log-log plot of specific viscosity (ηsp) against molecular weight for commer-
cially available HO-PEGs (Mn = 1100-12,000 g mol−1, blue) with an overlay of
P1free (Mn = 1100-8000 g mol−1, green), and the 2:1:2 ternary complex upon
CB[8] addition (Mn = 2200-16,000 g mol−1, hollow red). H2O at 30 oC (546 µM
MVdimer in all samples).
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Figure 2.7: The decrease in reduced viscosity (ηred) observed by incremental CB[8] addi-
tion to commercial PEGs of different molecular weights (Mn = 750 g mol−1,
red upward triangles. Mn = 5000 g mol−1, blue downward triangles).
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2.3 Conclusions
In conclusion, we have shown the utility of DOSY NMR towards probing the multi-
component assembly of supramolecular ABA triblock copolymers formed through CB[8]
host-guest chemistry in aqueous solution. The adaptability of this method towards form-
ing higher-ordered polymeric architectures stems from the versatility of the CB[8] host
towards assembling a variety of guest-terminated polymers. Building up from the as-
sembly of AB diblock copolymers168 and the characterisation of ABA triblock copolymer
stability in the gas phase as demonstrated previously;169 we can now routinely use non-
invasive, and in situ NMR methods to visualise the multi-component assembly process
while deriving topological parameters such as molecular weight and solution mobility.
Additionally, solution viscometry has provided further insight into the solution dynam-
ics of the assembly components as they interact with each other upon ternary complex
formation. Ongoing investigations will seek to develop the work reported here into fur-
ther expanding CB[8]’s utility towards building stimuli-responsive, adaptable systems at
the macromolecular interface, as well as probing the solution dynamics of the assemblies
formed.
2.4 Experimental section
2.4.1 General Procedures
1H and 13C NMR were recorded on a Bruker Avance 500 MHz Ultrashield spectrometer
equipped with a 5 mm BBO ATM probe with a z-gradient.
Diffusion NMR
Diffusion measurements were carried out using a WATERGATE, HDO-suppressing, stim-
ulated echo pulse sequence stebpgp1s19 with bipolar gradient pulses and 1 spoil gradient.
The spectrometer was calibrated against the HDO peak in a D2O reference at 25 ˚C, and
the 0.8 mM samples were not spun during measurement. δ was varied between 4-9 ms,
and ∆ was kept constant at 0.1 s. A typical experiment involved 64 scans over 16 steps
up to a maximum gradient of 32.03 G cm−1. Diffusion coefficients were then evaluated
using Topspin’s T1/T2 relaxation module, where a vargrad fitting was applied to the
sigmoidal plots of I/I0 vs. G.
25
Chapter 2 Probing CB[8]-mediated supramolecular block copolymer assembly
Isothermal titration calorimetry
Isothermal titration calorimetry (ITC) experiments were carried out on a VPITC from Mi-
crocal Inc., at 25˚C in 10 mM sodium phosphate buffer (pH = 7), prepared from 1.560 g
NaH2PO4·2 H2O and 1.110 g Na2HPO4·2 H2O in 1 L deionised water (Millipore, 18.2 MΩ
cm). Fresh analyte solutions were dissolved by sonication and with heating up to 60˚C.
All compounds were weighed within an accuracy of at least two significant figures. The
solutions were degassed prior to titration. The binding equilibria were studied using a
cellular MVdimer · 2 CB[8] concentration of typically 0.07 mM to which the 1.5-2.0 mM
polymer guest solution was titrated. Typically 20-30 consecutive injections of 10 µL each
were used, whereby the first injection was chosen to be 2 µL in all cases. Thus the first
data point was removed from the data set prior to curve fitting. Heats of dilution were
checked by titration into the buffer solution and were found to be negligible. The data
was analyzed with Origin 7.0 software, using the one set of sites model. ITC experiments
were gratefully measured by Frank Biedermann.
Ubbelohde solution viscometry
Solution viscosities were measured using glass, Schott-Geräte Ubbelohde microviscomet-
ers with a suspended level bulb using a PVS1 measuring device, and the microviscomet-
ers were thermostated in a PV15 water bath at 30.00 (0.01) ˚C using a DLK10 thermostat
unit (all manufactured by Lauda). Measured solutions were in H2O at concentrations
between 5-8.05 mg mL−1 and filtered through a 0.45 µm PVDF syringe filter prior to
measurement.
2.4.2 Materials
All starting materials were purchased from Alfa Aesar and Sigma Aldrich and used as
received unless stated otherwise. AIBN was recrystallised twice from methanol. N-
isopropylacrylamide (NIPAAM) was recrystallised from toluene/hexane (3:2). 3-Benzyl-
sulfanylthiocarbonylsulfanyl propionic acid was synthesised according to the literature
procedure.184 Commercial PEGs were obtained from Fluka. CB[8] was prepared as docu-
mented previously.98 Polymers P1 and P2 were gratefully provided by Urs Rauwald and
Frank Biedermann.
Synthesis of 1,1’-[1,2-ethanediylbis(oxy-2,1-ethanediyl)]bis(1’-methyl-4,4’-bipyridinium)
tetrabromide (MVdimer 4Br−): A 500 mL RBF was charged with 1-methyl-4,-4’-bipyrid-
inium iodide (3.6 g, 12 mmol), 1,2-bis(2-bromoethoxy)ethane (0.8 g, 3 mmol) and acetoni-
trile (200 mL). The reaction mixture was heated to reflux for 48 hr under a N2 atmosphere.
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A red precipitate was collected and dissolved in the minimum volume of H2O and a
concentrated aqueous solution of NH4PF6 was added until no further precipitate was
observed. The precipitate was filtered off, washed with water and recrystallised from
water to give pure MVdimer 4PF6−. The counterions were exchanged to Br− using tet-
raoctylammonium bromide to yield MVdimer 4Br− as a yellow solid (0.55 g, 24%); 1H
NMR (500 MHz, D2O): 9.06 (d, 4H), 9.00 (d, 4H), 8.51 (d, 4H), 8.47 (d, 4H), 4.86 (t, 4H),
4.46 (s, 6H), 4.04 (t, 4H), 3.64 (s, 4H); 13C NMR (125.7 MHz, d6-DMSO): 148.9, 148.1, 146.7,
146.3, 126.4, 126.3, 69.6, 68.8, 60.4, 48.1 ppm.
Synthesis of poly(ethylene glycol) methyl ether naphthalen-2-yl-carbamate (P1): A solu-
tion of 2-naphthoyl azide185 (1.2 g, 6.0 mmol) in 30 mL anhydrous o-dichlorobenzene
was heated to 145 ˚C for 2 hr under a N2 atmosphere in a 100 mL two-necked RBF
equipped with a reflux condenser. Upon cooling the mixture down to room temperat-
ure, poly(ethylene glycol) monomethyl ether (0.6 mmol) dissolved in 10 mL anhydrous
DCM was added at once and the mixture was stirred for 48 hr at room temperature. The
product was obtained by precipitation from cold diethyl ether. The yellowish solid was
redissolved in ca. 30 mL DCM, filtered and reprecipitated in cold diethyl ether (2x). Suc-
tion filtration yielded P1 as a white solid (0.5 mmol, 85%); 1H NMR (500 MHz, D2O): 7.94
(s, 1H), 7.88 (m, 3H), 7.50 (m, 3H), 4.33 (t, 2H), 3.67 (m, PEG backbone), 3.34 (s, 3H) ppm.
Synthesis of benzyl (3-((2-methoxydibenzofuran-3-yl)amino)-3-oxopropyl) carbonotrith-
ioate (1). A 50 mL RBF was charged with 3-benzylsulfanylthiocarbonylsulfanyl pro-
pionic acid (0.54 g, 2 mmol), N,N’-dicyclohexylcarbodiimide (1.03 g, 5 mmol), 3-amino-
2-methoxydibenzofuran (0.36 g, 1.67 mmol) and dry DCM (25 mL). The reaction mix-
ture was then stirred at room temperature overnight. A white precipitate formed which
was filtered off and discarded. The solvent was then removed under reduced pressure
and the product was then isolated by column chromatography (silica gel, 95:5 chloro-
form/hexane) as a yellow powder (0.27 g, 29%); 1H NMR (500 MHz, CDCl3): 8.75 (s, 1H),
8.11 (s, 1H), 7.88 (d, 1H), 7.57 (d, 1H), 7.4-7.3 (m, 8H), 4.66 (s, 2H), 4.05 (s, 3H), 3.82 (t, 2H),
2.93 (t, 2H) ppm; 13C NMR (125.7 MHz, CDCl3): 223.7, 168.4, 156.7, 150.8, 144.6, 134.8,
129.3, 128.7, 127.8, 126.3, 124.5, 122.5, 119.8, 118.5, 111.7, 103.5, 101.0, 56.4, 41.5, 36.5,
31.9 ppm. Anal. Calcd for C24H21NO3S3: C, 61.64; H, 4.53; N, 3.00. Found: C, 61.42; H,
4.48; N, 3.16.
Synthesis of dibenzofuranyl-functional poly(N-isopropylacrylamide) (P2): A dry vial
was charged with chain transfer agent 1 (24.5 mg, 0.05 mmol), NIPAAM (1 g, 8.84 mmol),
AIBN (1.3 mg, 0.008 mmol), dioxane (4.5mL) and a stir bar. The solution was degassed
thoroughly using three freeze-pump-thaw cycles, back-filled with N2 and then stirred in
an oil bath preheated to 70 oC.
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After 4 hr the polymerisation mixture was quenched in liquid N2 and P2 was isolated by
precipitating the mixture twice into cold diethyl ether. Mn (g mol−1): 19,000, PDI: 1.09;
1H NMR (CDCl3): 8.73 (s, 1H), 8.14 (s, 1H), 7.88 (d, 1H), 7.58 (d, 1H), 7.4-7.1 (m, 8H), 6.43
(broad, n×1H), 4.04 (s, 3H), 4.02 (s, n×1H), 3.8 (broad, 2H), 2.9 (broad, 2H), 2.3-1.5 (broad,
n×3H), 1.16 (broad, n×6H) ppm.
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Towards CB[8]-driven supramolecular
polymerisations
This chapter describes the assembly of ditopic AA/BB-type guests with CB[8]. Ditopic
guests are known to self-assemble to form linear polymers, and we aimed to assess
whether CB[8] could drive supramolecular polymerisations through ternary complex
formation. We used diffusion NMR, solution viscometry, and electrospray ionisation
mass spectrometry (ESI-MS) to investigate whether linear supramolecular polymers were
formed, or whether self-assembly was limited to cyclic oligomers (Fig. 3.1). We showed
that cyclic oligomers were preferred, and it was inferred that the low solubility of CB[8]
in water was a key obstacle to high molecular weight polymer formation. Observations
relating to the effects that salts had on the host-guest assemblies, are also highlighted.
3.1 Introduction
A fundamental branch in the study of supramolecular polymerisations is the association
of ditopic, AA/BB-type monomers. Fig. 3.1 illustrates how CB[8] could assemble with
ditopic guests to promote either linear polymer formation, or alternatively, lower molecu-
lar weight cyclic oligomers. This process could also occur for a single, AB-type guest (not
shown). Concentration and temperature effects are important driving forces in attain-
ing high degrees of polymerisation (DP). Also important are strong association constants
(Ka > 105), monomer rigidity,186 cooperativity,187 and a 1:1 stoichiometric equivalence
between AA and BB units.188 Meijer et al.’s quadruple H-bonding motifs represent an im-
portant example of how material properties relate to molecular design.35,189 Dalcanale et
al. have also prepared supramolecular polymers using the recognition properties of tet-
raphosphonate cavitands towards N-methylpyridinium guests, both using AB-type,190
as well as ditopic AA/BB-type monomers.191
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Aqueous self-assembly is an important pursuit as it translates directly to biological sys-
tems where complex phenomena occur within an aqueous environment.65,192 Recent
studies highlight the transition towards aqueous self-assembly using molecular motifs
that have previously been constrained to organic media e.g. catenanes,73 and H-bonding
units.53,74 Key strategies in enabling this transition towards aqueous self-assembly is that
of charge separation,63 synergistic noncovalent interactions,74 and the formation of hy-
drophobic pockets.53
Host-guest chemistry has become a key route through which to assemble molecules
in solution noncovalently.66 In an aqueous environment, this has been demonstrated
primarily through the host-guest recognition properties of macrocyclic hosts such as
CB[n]s and cyclodextrins (CD). Harada et al. were able to assemble β-CD dimers with
ditopic adamantane guests.193 At higher concentrations (> 14 mM), DP values of 30 could
be achieved. In their studies, more flexible ditopic guests predisposed the formation of
cyclic oligomers.193
+ CB[8] nor
cyclic
oligomers
linear polymers
AA
BB
Figure 3.1: The focus of this study; whether AA/BB-type ditopic guests form linear poly-
mers, or cyclic oligomers, upon ternary complex formation with CB[8].
The applications of CB[n] host-guest recognition chemistry has expanded rapidly over
the past decade.89,91 More recently, our group has reported CB[8]’s ability to form AB-,168
and ABA-type block copolymers with end group-functionalised polymeric guests.169,194
These complexes are stable both in solution168 and in the gas phase.169 CB[8]’s ability to
drive the supramolecular polymerisation of monomer guests however, has only recently
been investigated. Isaacs et al. have studied the allosteric complexation of rigid ditopic
adamantylammonium guests using bis-nor-seco-CB[10].195 They reported that only small
molecule cyclic oligomers formed, as opposed to linear polymers.195 Kim et al. synthes-
ised a methylene-bridged naphthalene-dipyridyliumylethylene (AB-type) guest, which
formed pentameric cycles.127 Recently, Zhang et al. designed an AABB motif possessing
n-butyl-spaced viologen and anthracene guests.196,197 Such a motif provided a combina-
tion of both rigidity and directionality.
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Their study represented the first successful example of a supramolecular polymerisation
driven by CB[8], achieving DP values between 25-30.
3.2 Results and discussion
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Figure 3.2: The synthetic building blocks used in this self assembly study: a first guest,
MVdimer, and second guests, EG-Np, and 12EG-Np.
In this study, we probed the self assembly of the oligo(ethylene glycol) (EG)-based AA/
BB-type guests, MVdimer, and second guests, EG-Np or 12EG-Np, in the presence of
CB[8] (Fig. 3.2). The assemblies were investigated using diffusion NMR135 and solution
viscometry, the utility of which has been discussed in Chapter 2. In a typical experi-
ment, MVdimer and CB[8] were added in a 1:2 ratio to water to form the binary complex
MVdimer:2CB[8]. Two equivalents of the second guest, EG-Np or 12EG-Np was then
added to form the ternary complex. The triethylene glycol-spaced EG-Np was found to
have a very low water solubility in the absence of MVdimer:2CB[8], and so, the fully
water soluble 12EG-Np was synthesised. The synthetic procedures used to obtain both
EG-Np and 12EG-Np will be discussed further in Chapter 4.
Diffusion NMR was used to probe the assembly pathway, towards either linear poly-
mers, or cyclic oligomers. A pulsed-field gradient stimulated-echo (PFGSE) sequence
with 3-9-19 water suppression (stebpgp1s19)136 was used for all diffusion NMR measure-
ments. Fig. 3.3 depicts the diffusion data in the form of a Stejskal-Tanner plot, whereby
the slope equals the diffusion coefficient. An insignificant reduction in diffusion coeffi-
cient was observed upon ternary complex formation. This was the case for complexes
assembled using both EG-Np, and 12EG-Np. This indicates that larger assemblies are
not formed. Instead, lower molecular weight oligomers appear likely. The use of dif-
fusion NMR served to complement solution viscosity data acquired (not shown), which
also indicated the formation of cyclic oligomers.
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Figure 3.3: A Stejskal-Tanner plot comparing MVdimer:2CB[8] (green), and ternary com-
plexes assembled using EG-Np (blue) or 12EG-Np (red). The slope cor-
responds to the diffusion coefficient measured (log D / m2 s−1). b =
4pi2·γ2·Gi2·δ2·(∆-δ/3)·1×10−4. 500 MHz, D2O at 30 oC.
ESI-MS was measured under soft conditions on a solution containing the host-guest com-
ponents: MVdimer:2CB[8], and two equivalents of EG-Np (Fig. 3.4). The MVdimer used
in ESI-MS measurements contained an octane linker, not triethylene glycol. Our group
has previously demonstrated the versatility of ESI-MS as a soft method to investigate
supramolecular block copolymers, that fly intact in the gas phase.169 This provided fur-
ther evidence for cyclic oligomer formation, with the MVdimer:2CB[8]:EG-Np (1:2:1)
species being the most abundant (878.62 m/z, 100%). The lack of linear polymer forma-
tion is likely due to the low concentrations employed (< 1 mM). High DP supramolecular
polymers reported using other systems, use concentrations in the mM-M range.188,193 A
key obstacle here is therefore the intrinsically low solubility of CB[8], even upon ternary
complex formation. Steps towards overcoming this limitation rely on the more water sol-
uble, hydroxylated CB[n]. These have been reported previously,198,199 and a facile route
towards their isolation has been recently developed in our group.200
The assemblies were also found to be sensitive to changes in counterion, and added salts.
Interestingly, potassium iodide (KI) was found to induce precipitation of the ternary com-
plexes, which could be isolated as a red iodide salt. This process could be followed by
1H NMR (Fig. 3.5). Prior to adding KI (Fig. 3.5 bottom), peaks corresponding to both the
ternary complex, and the binary MVdimer:2CB[8] complex, were evident. On adding
KI, the red precipitate formed was only sparingly soluble in water due to counterion
exchange (i.e. MVdimer 4Br−→mixed I− salt).
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While the precipitate consists purely of the ternary complex (Fig. 3.5 top), the remaining
solution contains the binary complex, MVdimer:2CB[8] (Fig. 3.5 middle). The viologen
protons exhibit characteristic shifting patterns dependent on complexation, enabling the
distinction between binary, and ternary binding.169 Furthermore, KI addition led to a
sudden loss in colour from the solution, which is expected given that the ternary complex,
from which the colour originated, departed as a precipitate.
445.75  [ MVdimer:CB[8] ]4+
546.35  [ MVdimer:CB[8]:EG-Np ]4+
778.03  [ MVdimer:2CB[8] ]4+
878.62  [ MVdimer:2CB[8]:EG-Np ]4+
979.22  [ MVdimer:2CB[8]:2EG-Np ]4+
1197.96  [ MVdimer:2CB[8]:EG-Np + Br ]3+
DMSO adducts
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0
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Figure 3.4: ESI-MS measured under soft conditions on a solution containing the host-
guest components: MVdimer:2CB[8] + 2EG-Np. The peak at 878.62 m/z
(100%) demonstrates the abundance of the cyclic oligomer, and provides fur-
ther evidence for the lack of larger, polymer formation. The MVdimer used
here contained an octane linker, not triethylene glycol.
By contrast, the addition of KNO3 led to the disassociation of the ternary complex. Salt-
induced decomplexation of CB[n] assemblies have been reported elsewhere.201 The ef-
fects of added salts was of particular relevance, since we had previously observed that
changes in MVdimer counterions led to changes in its solution viscosity. When the solu-
tion viscosities of MVdimer and 12EG-Np were measured alone, their viscosities were
determined to be above that of water alone, which is used as a blank. This was expec-
ted, given the EG-based nature of the ditopic guests. When mixed together however, the
resulting solution viscosity of the mixture decreases to below that of water.
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This is significant, and indicates that a net decrease in the solution viscosity results on
mixing the guests. We have demonstrated previously that CB[8] also acts to decrease the
viscosity of EG-based systems, as described in Chapter 2.194
6.57.07.58.08.59.0 ppm
6.57.07.58.08.59.0 ppm
6.57.07.58.08.59.0 ppm
Np peaks
Np peaks
MVdimer:2CB[8]
Figure 3.5: Partial 1H spectra demonstrating the effect of adding KI (6 mM) to a solution
ofMVdimer:2CB[8] + 12EG-Np. Bottom: No KI (an orange solution); middle:
the remaining solution on KI addition shows only the binary complex, MVdi-
mer:2CB[8] (a colourless solution, triangles); top: the sparingly soluble precip-
itate after KI addition, showing only the ternary complex (red solid, circles).
The presence or absence of 12EG-Np is also indicated (Np peaks). 500 MHz,
D2O.
Fig. 3.6 illustrates the effects of salts on the MVdimer:12EG-Np mixture. Adding Cl−,
Br−, or l− salts results in no measurable change in solution viscosity, which remains at
0 cm3 g−1. The addition of NO3−, and Br−/l− mixtures however, led to a significant
increase in solution viscosity. This demonstrates that these salts in particular have a dra-
matic effect on the conformations of the guests in solution. This may originate from in-
teractions between the salts and the EG-linkers through ion-dipole effects. The influence
of counterion changes on the conformation of viologen-based molecules, has also been
reported previously.202 Furthermore, no correlation was seen between the salt effects ob-
served, and the lyotropic number of the salts. The lyotropic number serves as a measure
of the ion’s structuring, or destructing effects on the H-bonding water networks.203–205
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Figure 3.6: The effect of salts on the reduced viscosity (ηred) of a MVdimer:12EG-Np mix-
ture. 2 mg mL−1 MVdimer was used in all samples, with 6 mM of added salt.
H2O at 30 oC.
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Figure 3.7: Reduced viscosities (ηred) of triethylene glycol, and PEG (Mn = 8,000 g mol−1)
with 0.6 M of various added salts. A significant decrease is observed in the
solution viscosities for both triethylene glycol and PEG solutions upon the
addition of salt, when compared to their viscosities in the absence of salt. H2O
at 30 oC (40 mg mL−1).
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To test the effects of salts on EGs in general, the effect of added salts on triethylene glycol,
and PEG, was studied (Fig. 3.7). This demonstrated that increasing salt concentrations
consistently lead to a significant reduction in solution viscosity. Furthermore, the effect
was found to be much larger for the larger PEG (Mn = 8,000 g mol−1), compared to
triethylene glycol.
3.3 Conclusions
In conclusion, our studies probed the self-assembly behavior of EG-based ditopic guests
with CB[8] in water. Small molecule cyclic oligomers are formed, as confirmed by diffu-
sion NMR, solution viscometry, and ESI-MS. A key limitation to higher molecular weight
polymer formation was thought to be the low solubility of CB[8] ternary complexes. This
may be remedied using more water soluble CB[8] analogues that have recently become
accessible. The effects of salts on the stability, and solution viscosities of the complexes,
in addition to their utility towards isolating the ternary complexes from solution, is also
discussed.
3.4 Experimental section
3.4.1 General Procedures
1H and 13C NMR were recorded on a Bruker Avance 500 MHz Ultrashield spectrometer
equipped with a 5 mm BBO ATM probe with a z-gradient.
Diffusion NMR
Diffusion measurements were carried out using a WATERGATE, HDO-suppressing, stim-
ulated echo pulse sequence stebpgp1s19 with bipolar gradient pulses and 1 spoil gradient.
The spectrometer was calibrated against the HDO peak in a D2O reference at 25 ˚C, and
the 0.8 mM samples were not spun during measurement. δ was varied between 2-4 ms,
and ∆ was kept constant at 0.1 s. A typical experiment involved 64 scans over 16 steps
up to a maximum gradient of 32.03 G cm−1. Diffusion coefficients were then evaluated
using Topspin’s T1/T2 relaxation module, where a vargrad fitting was applied to the
sigmoidal plots of I/I0 vs. G.
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ESI-MS analysis
Nano-electrospray mass spectra were recorded on a LCT MS (Micromass, UK) equipped
with a nanoflow Z-spray source. Data were analysed using Masslynx 4.0 software (Mi-
cromass, UK). The spectra were obtained with the following parameters: needle voltage
= 1.5 kV, skimmer cone voltage = 10-30 V and skimmer offset = 5 V. It should be noted
that the absolute intensity of peaks in electrospray spectra is dependent on the ionisation
efficiency of the species. ESI-MS experiments were gratefully measured by Urs Rauwald.
Ubbelohde solution viscometry
Solution viscosities were measured using glass, Schott-Geräte Ubbelohde microviscomet-
ers with a suspended level bulb using a PVS1 measuring device, and the microviscomet-
ers were thermostated in a PV15 water bath at 30.00 (0.01) ˚C using a DLK10 thermostat
unit (all manufactured by Lauda). Measured solutions were in H2O at concentrations
between 2-40 mg mL−1 and filtered through a 0.45 µm PVDF syringe filter prior to meas-
urement.
3.4.2 Materials
All starting materials were purchased from Alfa Aesar and Sigma Aldrich and used as re-
ceived unless stated otherwise. Commercial PEGs were obtained from Fluka. MVdimer
was prepared as described in Chapter 2, and CB[8] was prepared as documented previ-
ously.98,169 The synthesis of EG-Np and 12EG-Np were prepared as will be described in
Chapter 4.
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The design and synthesis of multivalent
guests for CB[8] assemblies
Multivalent guests are important in both cross-linked materials, and for signalling mech-
anisms in biology. Here, we place emphasis on the synthesis of multivalent guests for
CB[8] assemblies. Particularly highlighted is the synthetic route used towards monod-
isperse, oligo(ethylene glycol) (EG)-derived guests, and their purification.
4.1 Introduction
In biology, multivalent interactions enable weakly-interacting molecules, for example,
receptor-ligand pairs, to exhibit both high specificities and avidities.206 Unlike mono-
valent ligands, multivalent ligands can interact with receptors through numerous mech-
anisms depending on their architecture.207 For aqueous self-assembly purposes, it is com-
mon to design molecular components to include spacer groups such as EGs, that impart
better water solubility.67 While there is a large literature precedence for the use of EGs,
an important consideration is the effect such a flexible linker will have on the multivalent
effects desired. For example, the incorporation of flexible linkers into multivalent ligand
design, may render them no more effective at binding multivalent receptors than their
monovalent ligand analogues.208,209 A key reason for this is the entropic cost that results
from spatially restricting such conformationally flexible groups upon binding.208,210,211
Ditopic, AA/BB-type components have been shown to assemble into cyclic oligomer-
s,127,188 which under the right conditions, form high molecular weight linear polymer-
s.35,188 An excellent example of this is the high molecular weight polymers based on
quadruple H-bonding, as described by Meijer et al.35,188 On adding tritopic compon-
ents to these linear polymers, the chains may become cross-linked, resulting in branched
gel networks.175,212 Alternatively, ABA-type tritopic components alone are able to self-
assemble into hyperbranched networks.213
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Stoddart et al. have greatly expanded the use of EGs in supramolecular chemistry.214
In particular, their synthetic protocols towards catechol-, dihydroxynaphthalene-, and
viologen-functionalised EGs215 have become a useful starting point when constructing
multivalent guests for CB[8]-based assemblies. In addition, some supramolecular ap-
plications require monodisperse components, rather than the polydisperse poly(ethylene
glycols) (PEGs) that are often commercially available. This becomes critical, for example,
in supramolecular polymer formation, where precise molecular weights of the compon-
ents are required to achieve stoichiometric equivalence.188 Synthetic protocols towards
monodisperse PEGs have been reported,216 and use a modular, chain doubling strategy
that involves the addition of a monoprotected EG, to another, bis-activated EG (Fig.
4.2).217,218
OO (EG)12
(EG)3 OO
12EG-Np
EG-Np
O
O O
O
O
O
O
O
O
O
O
O
Tri-Np
(EG)3N N
NN
MVdimer
Figure 4.1: Ditopic naphthol guests with variable EG linker lengths, EG-Np and 12EG-
Np, and tritopic naphthol guest Tri-Np. These multivalent second guest com-
ponents were designed for assembly with CB[8] and the ditopic viologen
guest, MVdimer.
This chapter describes the synthesis of ditopic, and tritopic naphthol-functionalised EG
guests (Fig. 4.1) that were designed as components for further self-assembly studies. In
particular, their ability to participate in supramolecular polymerisations driven by CB[8]
ternary complex formation with MVdimer, was assessed. Details of this investigation is
discussed further in Chapter 3.
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4.2 Results and discussion
Initial studies carried out on ditopic, AA/BB-type guests aimed to assess their ability to
associate with CB[8] to form supramolecular polymers through a step-growth mechan-
ism. During these studies, it became apparent that the triethylene glycol-spaced EG-Np
was not soluble enough in water for accurate solution studies to be performed. This,
coupled with the concentration constraints presented by CB[8] itself, which also pos-
sesses a low water solubility, led us to design a fully water soluble ditopic second guest
component. The dodeca(EG)-based 12EG-Np enabled us to perform accurate solution
studies on AA/BB-type assemblies with CB[8]. We found that dilute solutions (< 1 mM)
of ternary complexes containing EG-Np, or 12EG-Np, formed cyclic oligomers, rather
than linear polymers, as discussed in Chapter 3. Importantly, the monodisperse nature
of 12EG-Np allowed us to perform our measurements using accurate stoichiometries.
12EG-Np was prepared using a bidirectional elongation route (Fig. 4.2).218 The mono-
allylated tetra(EG) was first synthesised from the readily available tetraethylene glycol
according to literature procedure (step a).219 The commercially available tetra(EG) di(p-
toluenesulphonate) was then reacted with two equivalents of the monoprotected allyl
tetra(EG) in the presence of freshly powdered KOH and 20 mol% TBAB under thermal
conditions (step b), which upon hydrogenation with Pd/C (step c), yielded dodeca(EG).218
a
OTsTsO (EG)12
OHHO (EG)4 OHO (EG)4 OHHO (EG)12
OO (EG)12
b, c
d e
12EG-Np
Figure 4.2: Synthesis of 12EG-Np. Conditions: a) allyl bromide, tBuOK, THF, rt, 24 hr;
b) tetraethylene glycol di(p-toluenesulphonate), KOH, TBAB, toluene, 100 oC,
2 hr; c) 10% Pd/C, cat. TsOH·H2O, MeOH/H2O (25:1), reflux, N2, 24 hr; d)
TsCl, KI, Ag2O, DCM, 0 oC→rt, 24 hr; e) 2-naphthol, K2CO3, DMF, reflux, N2,
2 d. EG = ethylene glycol repeat unit.
Chan et al. first adopted the use of TBAB as a phase-transfer catalyst for the bidirectional
elongation of EGs (step b).220 This served as an attractive alternative to previous meth-
ods, and used only mimimum solvent volumes while avoiding the use of water in the
work-up stage. Aqueous washes act to reduce yields, particularly for the more water-
soluble oligomers of higher molecular weight.
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Deprotection of the allyl ethers was readily achieved in refluxing MeOH using 10% Pd/C
and catalytic amounts of tosic acid (step c), to give quantitative conversions to the desired
monodisperse dodeca(EG), which was isolated in quantitative yields by simple filtration.
The dodeca(EG) was then tosylated to form the bis(tosylated) species using silver(I) oxide
(Ag2O), tosyl chloride (TsCl), and potassium iodide (KI, step d).221 The Ag2O-promoted
sulphonylation route has several advantages over other known methods; proceeding in
neutral media, requiring no or little work-up, and generating no chloride by-product.221
The added KI acts to convert the tosyl chloride into the much more reactive tosyl iodide,
improving yields and lowering reaction times.221
Functionalisation of the bis(tosylate) species with 2-naphthol in the presence of K2CO3
(step e), afforded 12EG-Np with an 11% overall yield after purification by column chro-
matography. Multiple naphthol-functionalised fractions were also isolated, originating
from oligo(EGs) of different lengths that, due to lack of chromatographic contrast, could
only be separated out at the final step of the synthesis. Reaction yields may be signi-
ficantly optimised by taking the following steps:222 i) pre-sonicating the K2CO3 in the
reaction solvent first, ii) using degassed solvents, and iii) removing excess 2-naphthol
starting material using a 10% NaOH wash in the reaction work-up. This eases chromato-
graphic separation.
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Figure 4.3: Synthesis of Tri-Np. Conditions: a) K2CO3, 2-(2-(2-chloroethoxy)ethoxy)-
ethanol, LiBr, DMF, 100 oC, N2, 24 hr; b) TsCl, Et3N, DCM, rt, 7 hr; c) K2CO3,
2-naphthol, DMF, 80→100 oC, N2, 2 d.
Tri-Np was synthesised in three steps from the benzenetriol, phloroglucinol (Fig. 4.3).
Using protocols adapted from Stoddart et al.,215 the tritopic-tri(EG) was obtained (step a)
by nucleophilic attack on a chloride-termined tri(EG), using stoichiometric quantities of
an activating agent, LiBr. Tosylation yielded the tosylated product (step b), which, upon
2-naphthol addition in the presence of K2CO3, afforded Tri-Np with a 17% overall yield
(step c).
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To our dismay, Tri-Np exhibited a very low water solubility, limiting its use as a cross-
linking agent for our supramolecular assemblies. While enough dissolved in water to al-
low for crude self-assembly studies, this was not adequate for stoichiometrically-accurate
work.
Initial attempts to make Tri-Np were marred with separation problems. Indeed a vi-
ologen analogue, Tri-MV, was also targeted, but not isolated. However, using the steps
described above, i.e. K2CO3 sonication, degassing, and basic washing, greatly optimised
the synthesis. Tri-Np was then finally obtained in three steps from phloroglucinol in a
matter of days, with chromatographic purification being necessary only in the final step.
4.3 Conclusions
The synthesis of multivalent second guests was achieved through a multi-step route. A
water soluble ditopic second guest, 12EGNp was obtained through a chain doubling ap-
proach from readily available short-chain EG precursors. We could also access the tritopic
guest, Tri-Np with relatively little purification. Oligomeric ethylene glycols can be a chal-
lenging class of compounds due to the low chromatographic resolution of their mixtures.
However, through the right choice of chain elongation strategy,217 and work-up condi-
tions, purification may be significantly optimised, and chromatographic resolution en-
hanced. This also helps reduce the loss of higher molecular weight, more water soluble
EGs.
4.4 Experimental section
4.4.1 General Procedures
1H and 13C NMR were recorded on a Bruker Avance 500 MHz Ultrashield spectrometer
equipped with a 5 mm BBO ATM probe with a z-gradient. Electrospray ionisation mass
spectra (ESI-MS) were recorded on a Micromass Quattro LC triple quadrapole spectro-
meter in methanol solutions, with both a block and desolvation gas temperature of 80 0C.
Fourier-transform infrared spectra were recorded on a Perkin Elmer spectrum 100 series
on ATR mode at 4 cm−1 resolution or better. When stated as anhydrous, solvents were
obtained from an Pure-Solv 400 solvent purification system under N2. Merck 60 Å mesh
silica was used for column chromatography.
42
Chapter 4 The design and synthesis of multivalent guests for CB[8] assemblies
4.4.2 Materials
Synthesis of tetraethylene glycol mono(allyl ether) (EG-All); To an anhydrous THF solu-
tion of potassium tert-butoxide (6.1 g, 54.6 mmol), tetraethylene glycol (20 g, 0.1 mol)
was added at room temperature. The resulting mixture was stirred for 0.5 hr, after which
allyl bromide (4.8 mL, 55.6 mmol) in THF was added over 1 hr. After being stirred at
room temperature for 24 hr, the reaction mixture was filtered though a celite plug, and
the solvent was evaporated. The residue was then purified by flash column chromato-
graphy with EtOAc as the eluent, to yield EG-All as a colourless oil (7.7 g, 32%); 1H NMR
(500 MHz, CDCl3): 3.52-3.67 (m, 16 H), 4.02 (d, J = 6 Hz, 2H), 5.18 (dd, J = 17, 2 Hz, 1H),
5.28 (dd, J = 17, 2 Hz, 1H), 5.85 (ddt, J = 17, 10, 6 Hz, 1 H); 13C NMR (125.7 MHz, CDCl3):
61.6, 69.2, 70.3, 70.5, 70.5, 72.2, 72.3, 117.1, 134.3.
Synthesis of dodeca(ethylene glycol) bis(allyl ether) (12EG-All); Freshly powdered KOH
(5.9 g, 0.11 mol) was added to a stirred suspension of monoallylated tetraethylene glycol
(24.8 g, 0.1 mol), tetraethylene glycol di(p-toluenesulphonate) (25.2 g, 50.2 mmol) and
TBAB (3.3 g, 10.1 mmol) in toluene (80 mL). The resulting reaction mixture was heated
at 100 oC for 2 hr and after this time the reaction was allowed to cool to room temperat-
ure, whereupon DCM was added to the reaction mixture. The resulting suspension was
filtered and the solid was washed with DCM. The filtrate was then concentrated under
reduced pressure, and the crude product was further purified by flash column chroma-
tography with EtOAc as the eluent, to yield 12EG-All as a viscous oil (5.6 g, 37%); 1H
NMR (500 MHz, CDCl3): 3.23-3.66 (m, 48 H), 4.02 (d, J = 6 Hz, 4 H), 5.18 (dd, J = 17, 2 Hz,
2 H), 5.28 (dd, J = 17, 2 Hz, 2 H), 5.85 (ddt, J = 17, 10, 6 Hz, 2 H); 13C NMR (125.7 MHz,
CDCl3): 69.7, 70.50, 70.66, 72.12, 117.0, 134.6; m/z (ESI) 649.17 (M++ Na+, 18%)
Synthesis of dodeca(ethylene glycol) (12EG); To a stirred solution of dodeca(ethylene
glycol) bis(allyl ether) (13.4 g, 21.3 mmol) in MeOH-water (100:4 mL) was added tosic
acid monohydrate (0.2 g, 1.1 mmol) and 10% Pd/C (10 g). The resulting reaction mixture
was refluxed under an atmosphere of N2 for 24 hr, and, on cooling, filtered through a
cotton plug. The filtrate was then concentrated under reduced pressure to afford 12EG
as a colourless oil (11.3 g, 97%); 1H NMR (500 MHz, CDCl3): 3.5-3.65 (46 H, m); 13C NMR
(125.7 MHz, CDCl3): 62.15, 69.08, 69.64, 70.75, 71.0, 71.15, 72.85.
Synthesis of dodeca(ethylene glycol) bis(p-toluenesulphonate) (12EG-OTs); TsCl (11.5 g,
60.4 mmol) was added to a mixture of dodecaethylene glycol (8.9 g, 15.1 mmol), Ag2O
(10.5 g, 45.3 mmol), and KI (10.0 g, 60.4 mmol) in dry DCM at 0 oC. The mixture was
stirred for 30 min and then warmed to room temperature, stirring was then continued
for another 24 hr at room temperature.
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After washing with brine, the organic phase was dried over MgSO4. Upon filtering and
removing the solvent under reduced pressure, purification by flash column chromato-
graphy with DCM-methanol (35:1) afforded 12EG-OTs as a colourless oil (4.0 g, 31%); 1H
NMR (500 MHz, CDCl3): 2.32 (6 H, s), 3.5-3.65 (44 H, m), 4.12 (4 H, m), 7.24 (4 H, d, J =
8 Hz), 7.68 (4 H, d, J = 8 Hz); 13C NMR (125.7 MHz, CDCl3): 22.05, 62.15, 69.08, 69.64,
70.75, 71.0, 71.15, 72.85, 120.0, 128.23, 130.22, 133.45, 145.18.
Synthesis of dodeca(ethylene glycol) bis(2-naphthol) (12EG-Np): K2CO3 (2.59 g, 18.72
mmol) was added to dry DMF and sonicated for 40 min. 2-Naphthol (2.02 g, 14.04 mmol)
was then added, the solution degassed with N2, and then the mixture was heated to
80 oC. 12EG-OTs was dissolved in dry DMF (25 mL) and added to the mixture via syr-
inge over 1 hr, after which the orange-coloured reaction mixture was heated at 100 oC.
After 40 hr, the mixture was allowed to cool to room temperature, and the dark orange
mixture was filtered and the solvent removed under reduced pressure. The resulting
dark brown oil was dissolved in DCM and washed with 10% aqueous NaOH solution
(4 x 80 mL), and the organic extracts were combined and washed with KBr brine (2 x
100 mL). The resultant green solution was dried over MgSO4, and the solvent removed
under reduced pressure to yield a crude brown oil, which was further purified twice by
flash chromatography using CHCl3-methanol (70:1) as the eluent to yield 12EG-Np as a
light brown oil (410 mg, 11%); νmax/cm−1 2868.85 (s), 1628.58, 1600.11, 1510.56, 1454.27,
1390.08, 1349.43, 1258.33, 1217.21, 1183.47, 1101 (vs), 969.55, 947.13, 839.29, 813.41, 749.25,
721.36; 1H NMR (500 MHz, CDCl3): 3.5-3.7 (40 H, m), 3.82 (4 H, m), 4.17 (4 H, m), 7.05-7.1
(4 H, m), 7.25 (2 H, t, J 12 Hz), 7.35 (2 H, t, J 12 Hz), 7.65 (6 H, m); 13C NMR (125.7 MHz,
CDCl3): 62.2, 67.9, 70.1, 71, 71.3, 72.9, 107.2, 119.5, 124.1, 126.8, 127.2, 128.1, 129.5, 129.8,
135, 157.2; m/z (+ESI) 821.4094 (M+ + Na+). Found: C, 64.83; H, 7.73. C44H62O13 requires
C, 66.15; H, 7.52.
Synthesis of 1,3,5-tri[2-(2-(2-hydroxyethoxy)ethoxy)ethoxy]benzene (Tri-OH); Phloroglu-
cinol (3 g, 18.5 mmol), K2CO3 (10.48 g, 75.85 mmol), and LiBr (1.61 g, 18.5 mmol) were
added to a two-necked RBF equipped with a pressure-equilibriated dropping funnel.
The system was N2-purged and anhydrous DMF (100 ml) was added before heating the
vessel to 100 oC. 2-(2-(2-chloroethoxy)ethoxy)ethanol (9.68 mL, 66.6 mmol) in anhydrous
DMF (20 mL) was added dropwise over 20 min to the yellow mixture, which then be-
came pink coloured over time. The reaction was left to react at 100 oC for 24 hr under
N2, and then filtered. The filtrand was then washed with CHCl3 and then methanol, and
the solvent removed under reduced pressure. The viscous brown oil was redissolved in
DCM, washed three times with a 1% aqueous solution of K2CO3, and the green organic
extracts were dried over MgSO4.
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Upon filtering and removing the solvent under reduced pressure, the resultant viscous
green oil was purified further by flash column chromatography using CHCl3-methanol
(16:1) as the eluent to give Tri-OH as a pale yellow viscous oil (1.97 g, 20%); νmax/cm−1
3442br, 3055, 2876, 1669, 1452, 1351, 1170, 1170, 1117, 1067, 934, 887, 818; 1H NMR (500
MHz, MeOD): 3.59 (6 H, m), 3.68 (12 H, m), 3.72 (6 H, m), 3.83 (6 H, m), 4.09 (6 H, m), 4.77
(3 H, s, -OH), 6.17 (3 H, s, Ar); 13C NMR (125.7 MHz, MeOD): 60.88, 67.26, 69.44, 70.06,
70.4, 72.34, 94.14, 160.69; m/z (ESI) 523.2 (M+, 8%), 545.2 (10). Found: C, 52.11; H, 8.16; O,
37.74. C24H42O12 requires C, 55.16; H, 8.1; O, 36.74.
Synthesis of 1,3,5-tri[2-(2-(2-p-toluenesulphonyloxyethoxy)ethoxy)ethoxy]benzene (Tri-
OTs); Tri-OH (3.83 g, 7.34 mmol) and TEA (10.3 mL, 73.4 mmol) were dissolved in DCM
(50 mL), and then TsCl (9.8 g, 51.38 mmol) was added in one portion. The pale yellow
solution was stirred at room temperature for 7 hr, filtered, washed with 1 M KHSO4 and
5% NaHCO3 aqueous solutions, and the organic extracts were dried over MgSO4. After
filtering, and removing the solvent under reduced pressure, the viscous brown oil was
then purified further by flash column chromatography using DCM-methanol (40:1) as
the eluent to give Tri-OTs as an orange viscous oil (1.63 g, 23.5%); νmax/cm−1 2874, 1672,
1596, 1450, 1352s (SO), 1266, 1187s (SO), 1120, 1096, 1017, 913, 815, 75, 731, 703, 663; 1H
NMR (500 MHz, CDCl3): 2.32 (9 H, s), 3.49 (6 H, t, J = 5 Hz), 3.53 (6 H, t, J = 5 Hz), 3.58 (6
H, t, J = 5 Hz), 3.68 (6 H, t, J = 5 Hz), 3.95 (6 H, t, J = 5 Hz), 4.05 (6 H, t, J = 5 Hz), 6.01 (3
H, s), 7.24 (6 H, d, J = 8 Hz), 7.68 (6 H, d, J = 8 Hz); 13C NMR (125.7 MHz, CDCl3): 22.3,
53.64, 67.35, 68.54, 69.37, 69.54, 70.5, 94.3, 127.8, 129.8, 132.8, 144.9, 160.48.
Synthesis of 1,3,5-tri[2-(2-(2-(naphthyloxy)ethoxy)ethoxy)ethoxy]benzene (Tri-Np); K2-
CO3 (2.1 g, 15.3 mmol) was added to dry DMF and sonicated for 40 min. 2-Naphthol (1.4
g, 9.9 mmol) was then added, the solution degassed with N2, and the mixture heated to
80 oC. Tri-OTs (2.2 g, 2.2 mmol) was dissolved in dry DMF (10 mL) and added to the mix-
ture via syringe over 40 min, after which the green reaction mixture was heated at 100 oC.
After 2 d, the mixture was allowed to cool to room temperature, and the dark green mix-
ture was filtered and the solvent removed under reduced pressure. The resulting dark
green oil was dissolved in DCM and washed with 10% aqueous NaOH solution (4 x 80
mL). The organic phase was then further washed with KBr brine (2 x 100 mL). The res-
ulting brown solution was dried over MgSO4, and the solvent removed under reduced
pressure to yield a crude brown oil, which was further purified by flash chromatography
using CHCl3-methanol (50:1) as the eluent to give Tri-Np as a viscous brown oil (1.0 g,
52%); νmax/cm−1 3057, 2872, 1628, 1599, 1510, 1470, 1451, 1390, 1353, 1258, 1217, 1171,
1063, 970, 839, 812, 749, 681;
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1H NMR (500 MHz, CDCl3): 3.52 (6 H, t, J = 5 Hz), 3.58 (6 H, t, J = 5 Hz), 3.68 (6 H, t,
J = 5 Hz), 3.84 (6 H, t, J = 5 Hz), 3.99 (6 H, t, J = 5 Hz), 5.98 (3 H, s), 6.94 (1 H, d, J = 2
Hz), 7.01 (2 H, dd, J = 9, 2 Hz), 7.15 (1 H, t, J = 7 Hz), 7.25 (1 H, t, J = 7 Hz), 7.5-7.6 (3
H, m); 13C NMR (125.7 MHz, CDCl3): 66.26, 68.55, 69.64, 93.28, 105.64, 117.88, 122.53,
125.67, 127.88, 133.40, 155.64, 159.46; m/z (ESI) 901.42 (M+, 60%). Found: C, 71.6; H, 6.81;
O, 21.59. C24H42O12 requires C, 71.98; H, 6.71; O, 21.3.
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Chapter 5
Probing protein-polymer conjugation with
diffusion NMR
This chapter describes the use of diffusion NMR to probe the self-assembly of small
molecule guests and guest-terminated polymers, with high molecular weight, guest-
functionalised proteins. No interaction is observed in the absence of the molecular host,
CB[8]. But in its presence, significant changes in the solution mobilities of the molecu-
lar components are observed. This is consistent with the ternary complex formation of
protein-polymer conjugates. The data presented here is derived from a published ma-
nuscript, F. Biedermann et al., Chem. Sci. 2010. Here I discuss the NMR contribution to
this manuscript. The 1H- and diffusion NMR studies yielded important insights into the
solution dynamics of the system. The experimental section of this chapter describes the
synthesis of the molecular components used in this study, and was generously provided
by Frank Biedermann.
5.1 Introduction
Assembling protein-polymer conjugates through either covalent, or noncovalent means,
has become a popular research area. Conjugating poly(ethylene glycol) (PEG) to pro-
teins both increases the protein’s molecular weight, and masks its surface. This effects
the protein’s biodistribution, and is of potential interest for altering drug pharmacokinet-
ics.223 Both protein aggregation, and ubiquitinylation, which are common routes through
which proteins are degraded or recycled, may be altered through the effects of PEGyla-
tion.224,225 Drawbacks however, are that the PEG components themselves may be poly-
disperse, which results in polydisperse protein-polymer conjugates. Furthermore, where
methyl ether PEGs are used, between 1-10% of PEG diol remains present, yielding un-
desirable cross-linked conjugates.223
Bovine serum albumin (BSA, or Fraction V) is a model protein important in biochemical
assays, molecular biology,226 and macromolecular crowding studies.84,227
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It possesses only one cysteine thiol group that remains in a reduced state (cysteine residue
34, cys34),228 and exists mainly as the thiolate under physiological conditions (pKa = 7.86-
8.5 at 25-37 oC)229–231 The presence of a single free thiol group has made BSA an attract-
ive target for polymer conjugation studies, as it can be selectively conjugated at a single
point.
Routes towards such chemical-based ligation techniques are widespread,232–234 and make
use of traditional chemical reactions carried out under physiologically-ambient condi-
tions. Recent examples include the azide-based Staudinger,235 Huisgen-type cycloaddi-
tion,236 and maleimide-thiol-ene reactions.237–239 Also recently, semi-synthetic approach-
es232,240 are making use of a biological phenomenon known as protein splicing. This is
an autocatalytic process where a protein cuts out, or splices, an intervening sequence (in-
tein), hence joining together the remaining sequences (exteins). This process draws ana-
logies from the post-transcriptional, RNA splicing, that occurs in eukaryotic nuclei.241
Such strategies enable protein conjugation to be done using recombinantly expressed
proteins either in vitro or in vivo.242,243
Diffusion NMR can successfully distinguish molecular components based on of their dif-
ferent molecular mobilities,135 and the versatile technique has been applied to studying
enzyme-polysaccharide conjugates.244 In the case where ligands interact with protein
binding pockets directly, diffusion NMR becomes limited due to severe line broadening
of the bound ligand’s resonances. In addition, sufficiently long ligand residence times
within the binding pocket, relative to the NMR timescale, are required for accurate diffu-
sion values to be calculated.121
S
N
O
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i) ligation
ii) complexation
N
O
O
S
PEG
PEG
Figure 5.1: Protein-PEG conjugates using a two step ligation-complexation route. Firstly,
a guest is covalently attached to the protein using a maleimide-thiol-ene re-
action. An end-group functionalised PEG guest is then conjugated through
CB[8] ternary complex formation.
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Herein we describe how diffusion NMR may be used to probe the CB[8]-mediated supra-
molecular assembly of a protein-polymer conjugate between guest-functionalised BSA,
and a guest-functionalised PEG (Fig. 5.1).
5.2 Results and discussion
The components used in this protein-polymer conjugation study are illustrated in Fig. 5.2.
Cys34-functionalised BSA proteins bearing the first guest, MV-BSA, and second guests,
Np-BSA1 and Np-BSA2, were prepared through maleimide-thiol-ene chemistry from
the appropriate guest-functionalised maleimide, and BSA starting materials.245,246 The
guest-functional BSA proteins (Mw ' 67 kDa) were then further purified from any small
molecule reagents remaining, through dialysis and lyophilisation. Their purity was then
confirmed by aqueous gel permeation chromatography (GPC). Similarly, viologen-funct-
ionalised PEG, MV-PEG (Mn = 5,000 g mol−1) was also prepared using a maleimide-
thiol-ene reaction, and a naphthalene-functionalised PEG, Np-PEG (Mn = 5,000 g mol−1),
was synthesised from the appropriate isocyanate.
PEG
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Figure 5.2: Left: First- and second guest-functionalised BSA proteins prepared through
maleimide-thiol-ene chemistry with different linkers (Mw ' 67 kDa). Right:
End group-functionalised PEG guests (Mn = 5,000 g mol−1).
Fig. 5.3a-c provides evidence for the binding of the small molecule guest methyl violo-
gen, (MV), to the naphthalene-functionalised protein, Np-BSA1. Unfunctionalised nat-
ive BSA, when measured alone as a control, gives a broad set of signals, consistent with
its high molecular weight (Fig. 5.3a).
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When a 1:1 MV:CB[8] binary complex is added (Fig. 5.3b), peaks belonging to MV (red
circles) and CB[8] (blue squares) remain identical to that of these compounds in the ab-
sence of native BSA. Upon substituting native BSA for Np-BSA1 however, significant
upfield shifts are observed, along with significant line broadening in the MV signals
(Fig. 5.3c). Furthermore, an upfield shift in the CB[8] signals is also evident, in addition
to line broadening. Such perturbations in the proton spectra are consistent with protein-
ligand binding in general,121 and CB[8] ternary complex formation in particular. Worthy
of note also is the high binding selectivity in the presence of Np-BSA1. In the case where
native BSA is used, no interaction between MV, CB[8], and the protein is apparent by 1H
NMR.
Similar findings were observed on replacing MV with MV-PEG, to probe the supra-
molecular conjugation process (Fig. 5.4). Whilst the 1H NMR spectrum forMV-PEG:CB[8]
in the presence of Np-BSA1 (top) is appreciably complex, it should be highlighted that
the CB[8] signals, were considerably broadened (blue squares, asterisk), and MV-PEG’s
terminal N-methyl group (a singlet appearing at 4.45 ppm), vanished completely upon
ternary complex formation (Fig. 5.4, top, arrow). Furthermore, the singlet remained un-
influenced by Np-BSA1 in the absence of CB[8]. Essentially the same observations were
made, when Np-BSA2 was employed, which possesses a slightly more rigid linker group
(Fig. 5.5).
To probe the protein-polymer conjugate formation further, diffusion NMR experiments
were performed on an equimolar mixture of MV and Np-BSA1, both with, and without
CB[8]. The results are depicted in Fig. 5.6a-c, and show that the diffusion coefficient of
MV:CB[8] is reduced by a significant order of magnitude upon the addition of Np-BSA1
(Fig. 5.6c). Importantly, the three components, MV, CB[8], and Np-BSA1, diffuse at the
same rate, indicating that a supramolecular protein-polymer conjugate has formed. In
the absence of one of the three necessary components however (Fig. 5.6a-b), no marked
reduction in the diffusion coefficients of the small molecule MV, or CB[8], was observed.
A significant, albeit smaller reduction in diffusion coefficient, was also observed for the
larger MV-PEG upon protein-polymer conjugation (Fig. 5.7). Diffusion NMR experi-
ments conducted on an equimolar solution containing MV-PEG:Np-BSA1, both in the
absence of (bottom), and presence of CB[8] (top), are shown in Fig. 5.7.
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c) MV:CB[8] + Np-BSA1
a) native BSA
b) MV:CB[8] + native BSA
ppm9 8 7 23 1456
ppm9 8 7 23 1456
ppm9 8 7 23 1456
HDO
HDO
HDO
e)
d)
5.7 5.5 ppm
Figure 5.3: 1H NMR spectra of a) native BSA alone, b) MV:CB[8] + native BSA, and, c)
MV:CB[8] + Np-BSA1. Inset shows CB[8] signals from the MV:CB[8] binary
complex; in d) the absence of Np-BSA1, and e) in its presence. MV signals
(red circles), and CB[8] signals (blue squares) are highlighted for clarity. 500
MHz, D2O. (50 µM).
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1.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.0
Chemical shift / ppm
0.5
MV-PEG:CB[8] + Np-BSA1
MV-PEG + Np-BSA1
MV-PEG:CB[8]
MV-PEG
PEG
HDO
*
Figure 5.4: 1H NMR of the MV-PEG:CB[8] + Np-BSA1 complex, indicating ternary
complex-mediated protein-polymer conjugation (top). The viologen signals
(9.0-8.0 ppm), and N-methyl singlet (4.45 ppm) of PEG-MV, in addition to
CB[8] peaks, exhibit substantial shifts and line broadening on protein-polymer
conjugate formation. 500 MHz, D2O.
1.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.0
Chemical shift / ppm
0.5
HDO
MV-PEG:CB[8] + Np-BSA2
MV-PEG + Np-BSA2
MV-PEG:CB[8]
MV-PEG
PEG
*
Figure 5.5: 1H NMR of the MV-PEG:CB[8] + Np-BSA2 complex, indicating ternary
complex-mediated protein-polymer conjugation (top). The viologen signals
(9.0-8.0 ppm), and N-methyl singlet (4.45 ppm) of PEG-MV, in addition to
CB[8] peaks, exhibit substantial shifts and line broadening on protein-polymer
conjugate formation. 500 MHz, D2O.
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Figure 5.6: Diffusion NMR spectra for equimolar mixtures of: a) MV + Np-BSA1, b)
MV:CB[8] + native BSA, and c) MV:CB[8] + Np-BSA1. MV signals (red
circles), and CB[8] signals (blue squares) are highlighted for clarity. 500 MHz,
D2O (50 µM).
53
Chapter 5 Probing protein-polymer conjugation with diffusion NMR
The much smaller reduction in diffusion coefficient for MV-PEG upon protein-polymer
conjugation (Fig. 5.7) is due to its substantially higher molecular weight when compared
to the small molecule MV (Fig. 5.6). Our previous work on PEG-based, supramolecular
ABA block copolymers (Chapter 2), demonstrated that a smaller decrease in measured
diffusion coefficient is observed with higher molecular weight polymers.194 Secondly,
dynamic light scattering (DLS) measurements (not shown) indicated that MV-PEG:CB[8]
alone was able to form higher-ordered aggregates at the concentrations measured for
diffusion NMR.238
Log D / m2 s-1
MV-PEG + Np-BSA1
PEG
HDO
9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 ppm
−9.8
−10.0
−10.2
−10.4
−10.6
9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 ppm
−9.8
−10.0
−10.2
−10.4
−10.6
MV-PEG:CB[8] + Np-BSA1
PEGHDO
Figure 5.7: Diffusion NMR spectra for equimolar mixtures of bottom: MV-PEG + Np-
BSA1, and top: the ternary complex, MV-PEG:CB[8] + Np-BSA1. MV signals
(red circles), and CB[8] signals (blue squares) are highlighted for clarity. 500
MHz, D2O (50 µM).
In the presence of Np-BSA1 however, the ternary complex was found to form prefer-
entially, and any aggregates formed by MV-PEG:CB[8] were no longer present.238 This
provides further evidence that the desired supramolecular protein-polymer conjugate
has been successfully assembled.
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5.3 Conclusions
We have demonstrated that protein-polymer conjugation can now be achieved through
selective, and reversible, non-covalent supramolecular interactions mediated by CB[8] in
water. This method requires only that the protein is first chemically ligated to a small
molecule recognition moiety. Highlighted here are the diffusion NMR studies used to
investigate this system. Additional spectroscopic, and calorimetric methods were used
to probe the bioconjugate assembly, and are described elsewhere.238 These provided fur-
ther evidence for a strong, and specific binding event between the guest-functionalised
polymer and protein components. This could only occur in the presence of the molecular
host, CB[8]. In the absence of any one of the three critical components, host or guest, no
binding interaction was observed. In addition, this straightforward mix-and-match supra-
molecular approach may be used to access a wide variety of protein-polymer bioconjug-
ates from simple building blocks. These can be independently evaluated in toxicology
studies prior to bioconjugation. Furthermore, such an approach could also be extended
to assemble hetero-protein-protein complexes in solution, in a controlled, and reversible
fashion.
5.4 Experimental section
5.4.1 General Procedures
1H and 13C NMR were recorded on a Bruker Avance 500 MHz Ultrashield spectrometer
equipped with a 5 mm BBO ATM probe with a z-gradient.
Diffusion NMR
Diffusion measurements were carried out using a WATERGATE, HDO-suppressing, stim-
ulated echo pulse sequence stebpgp1s19 with bipolar gradient pulses and 1 spoil gradient.
The spectrometer was calibrated against the HDO peak in a D2O reference at 25 ˚C, and
the 0.8 mM samples were not spun during measurement. δ was varied between 4-7 ms,
and ∆ was kept constant at 0.1 s. A typical experiment involved 64 scans over 16 steps
up to a maximum gradient of 32.03 G cm−1. Diffusion coefficients were then evaluated
using Topspin’s T1/T2 relaxation module, where a vargrad fitting was applied to the
sigmoidal plots of I/I0 vs. G.
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Gel Permeation Chromatography
The aqueous GPC consisted of a Shodex OHpak SB column, connected in series with a
Shimadzu SPD-M20A prominence diode array detector, a Wyatt DAWN HELEOS multi-
angle light scattering detector, and a Wyatt Optilab rEX refractive index detector. The
THF-GPC consisted of two Jordi DVB columns, with pore sizes ranging from 100-105 Å,
connected in series with a Shimadzu SPD-M20A prominence diode array detector, and a
Wyatt Optilab DSP refractive index detector.
5.4.2 Materials
All starting materials were purchased from Alfa Aesar and Sigma Aldrich and used
as received unless stated otherwise. BSA was purchased from Fisher Scientific. N-(3-
mercaptopropyl)-N’-methyl viologen dichloride, and CB[8] were prepared according to
literature procedures.98,238
Synthesis of (Np-BSA1): To a suspension of N-(2-(naphthyloxy)ethoxy)ethoxy)ethyl)-
maleimide (4.1 mg, 0.012 mmol) in 100 mL of 100 mM phosphate buffer (pH = 7), BSA
(0.17 g, 2.6 µmol) was added, and the mixture was stirred at room temperature for 24 hr.
The solution was filtered, concentrated to ca. 20 mL by lyophilisation, and transferred
to a dialysis membrane (MW cut-off = 10 kDa) and dialysed against deionised water
(Millipore, 18.2 MΩ cm) for 3 d. Np-BSA1 was obtained as a white, fluffy solid after lyo-
philisation (0.17 g, >99%). The purity of Np-BSA1 was confirmed by aqueous GPC.
Synthesis of (Np-BSA2): Following the procedure described above, Np-BSA2 was syn-
thesised from 2-(2-(2-(naphthyloxy)ethoxy)ethoxy)ethyl (4-maleimidyl)phenyl)carbamate
(6.1 mg, 0.012mmol) and BSA (0.17 g, 2.6 µmol), and obtained as a white, fluffy solid (0.17
g, > 99%). The purity of Np-BSA2 was confirmed by aqueous GPC.
Synthesis of (MV-BSA): Following the procedure described above, MV-BSA was syn-
thesised from N-(2-(((4-(maleimidyl)phenyl)carbamoyl)oxy)ethyl)-N’-methyl viologen (5.7
mg, 0.012mmol) and BSA (0.17 g, 0.0026 mmol), and obtained as a white, fluffy solid (0.17
g, >99%). The purity of MV-BSA was confirmed by aqueous GPC.
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Synthesis of (MV-PEG): To a solution of poly(ethylene glycol) methyl ether (4-(maleimid-
yl)phenyl)carbamate (0.52 g, 0.1 mmol) in 15 mL H2O was added N-(3-mercaptopropyl)-
N’-methyl viologen dichloride (0.16 g, 0.30 mmol) and the solution was stirred for 24 hr
at room temperature. The solution was filtered and transferred to a dialysis membrane
(MW cut-off = 2 kDa) and dialysed against a solution of NaCl in water (3 g in 2 L) to
exchange the chloride counterions for 1 d, and then against deionised water (Millipore,
18.2 M cm) for 3 d. MV-PEG was obtained as an off-white, fluffy solid after lyophilisation
(0.4 g, 70%); 1H NMR (500 MHz, D2O): 9.10 (d, 2H), 9.00 (d, 2H), 8.48 (m, 4H), 7.49 (d,
2H), 7.18 (d, 2H), 4.88 (t, 2H), 4.45 (s, 3H), 4.15 (m, 1H), 3.67 (m, PEG backbone), 3.34 (s,
3H), 2.88 (2H, m), 2.48 (2H, m) ppm; 13C NMR (100 MHz, D2O): 178.9, 177.5, 165.9, 155.2,
150.1, 146.2, 145.6, 138.8, 132.5, 127.6, 126.5, 126.0, 122.2, 121.9, 119.9, 82.7, 70.9 ppm and
PEG backbone signals.
Synthesis of (Np-PEG): A solution of 2-naphthoyl azide (1.2 g, 6.0 mmol) in 30 mL an-
hydrous o-dichlorobenzene was heated to 145 oC for 2 hr under a nitrogen atmosphere
in a 100 mL two-neck RBF, equipped with a reflux condenser. After the mixture was
cooled down to room temperature, polyethy- lene glycol 5000 monomethyl ether (3.0 g,
0.6 mmol) dissolved in 10 mL anhydrous DCM was added at once and the mixture was
stirred for 48 hr at room temperature. The product was obtained by precipitation from
cold diethylether. The yellowish solid was redissolved in ca. 30 mL DCM, filtered and
reprecipitated in cold diethyl ether (2x). Suction filtration yielded Np-PEG as a white
solid (2.6 g, 85%): 1H NMR (500 MHz, D2O): 7.94 (s, 1H), 7.88 (m, 3H), 7.50 (m, 3H), 4.33
(t, 2H), 3.67 (m, PEG backbone), 3.34 (s, 3H) ppm; 13C NMR (100 MHz, D2O): 155.4, 135.4,
133.6, 127.6, 127.3, 126.9, 126.5, 125.2, 124.2, 119.1, 76.1 ppm and PEG backbone signals.
The purity of Np-PEG was confirmed by THF-GPC.
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Lipid guests and molecular recognition
with liposomes
This chapter describes some ongoing work with guest-functionalised lipids, the forma-
tion of liposomes, and the investigation of their CB[8]-mediated self-assembly in aqueous
solution. We discuss firstly, the choice of guest-functionalised phospholipid and choles-
terol building blocks, and their synthesis. Secondly, the methods used to prepare, purify,
and characterise the liposomes. Finally, some preliminary results towards probing the
host-guest molecular recognition properties of the synthetic lipids and their liposome
assemblies, are discussed.
6.1 Introduction
Lipids have a wide structural diversity, and their propensity to form bilayers and ves-
icles are key to the formation of compartmentalised structures such as the cell membrane
and mitochondrial cisternae. Lipid membranes are dynamic structures, and vary in their
lipid composition, morphological domains, and in their resulting biophysical proper-
ties.247 Work by Keating et al. have further demonstrated the dynamic nature of the lipid
membrane. Their giant unilamellar vesicles (GUVs) (Fig. 6.1) contained PEGylated-, and
non-PEGylated lipids in the outer membrane, and an aqueous interior containing PEG
and dextran. On heating, the aqueous compartment containing the miscible polymers,
became immiscible (Fig. 6.1).248
The resulting aqueous two-phase system (ATPS)249 was also found to be sensitive to os-
motic stress, producing buds containing only the dextran phase (Fig. 6.1).250 Interestingly,
the PEGylated-lipid component of the vesicle membrane showed a preference towards
encapsulating the aqueous PEG compartment, while the non-PEGylated lipids formed
a boundary with the dextran-containing compartment.251 These cytoplasm mimics could
also be used to localise proteins within the vesicles.31,250,252,253
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Networks of larger, bilayer droplets (200 nL in volume), have been constructed by Bayley
et al., that are able to communicate through ion transport using inter-droplet, transmem-
brane β-barrel proteins.32,33,254 The membrane-embedded protein nanopores showed such
molecular selectivity, that they were even able to distinguish nucleotide sequences, base
by base.255,256
Lipid compartments need not consist of phospholipids; simpler fatty acids are also able
to form micelles and vesicles.257–261 An exceptional property of these elegantly simple
molecules, is that they are able to form compartmentalised structures that self-replicate
(Fig. 6.1).262–267 Such a system has therefore become of prime interest as a model for
protocells.268,269 Specifically, for their ability to replicate while transmitting information-
carrying molecules e.g. DNA and RNA, along with enzymes, to the resulting daughter
cells.258,266,268
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‘budding‛
O
O Na
O
O
micelles
daughter
micelles
aqueous two-phase system (ATPS) self-replicating micelles
Figure 6.1: Left: Budding of a biphasic ATPS consisting of aqueous PEG-, and dextran
compartments, under osmotic stress.248,250 Right: Simple fatty acid-based
self-replicating micelles. Hydrolysis of the hydrophobic ester is accelerated
through interactions with the lipid membrane. The resulting carboxylate salts
formed go on to form daughter micelles.
The replicating micelles may be formed through a two-stage process: i) the fatty acid es-
ter is refluxed in base to form the carboxylate salt, forming an aqueous micellar solution.
ii) The neat ester, an oil, is added, which forms an immiscible phase. Hydrolysis of the
ester occurs slowly at the interface between the aqueous micellar-, and immiscible ester
phases, which is catalysed by hydrophobic interactions between the ester, and the lipo-
philic micellar membrane. Once sufficient carboxylate salt has been produced through
hydrolysis, a critical micelle concentration (cmc) is reached. The associated increase in
micelle concentration catalyses further hydrolysis, and a rapid increase in the rate of
self-replication is observed.270,271 Furthermore, these simple fatty acid-based membranes
may well have been out-evolved upon the arrival of phospholipids.272
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The evolution of compartmented architectures essential for life is not limited to lipids.
In fact, an open question remains regarding whether the relatively complex structures of
phospholipids even existed in the prebiotic world.273,274 Here enter naturally-occurring
peptides,275 some of which possess helical, amphiphilic domains that are able to form
purely peptide-based bilayers.276,277 Recently, Mann et al. have reported the preparation
of membrane-free microspheres,278 formed between anionic nucleotides, e.g. adenosine
triphosphate (ATP), and cationic oligo-, or polypeptides e.g. lysine. Highlighted in this
work was that the spheres, which were stable towards temperature, salt, and concen-
tration changes, can act as a model for prebiotic cell formation.81 This overlaps with
another important question being asked in biology. That is, how the genome is organised
within the nucleus.279–281 The nucleus contains numerous compartments that are both
functional, and are membrane-free.282 Furthermore, each independently houses cell ma-
chinery storage sites,283–285 factories in which gene transcription is carried out,286–288 and
even the gene-laced chromatin itself.279,289,290
6.2 Results and discussion
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Figure 6.2: The molecular components used in this study. Abbreviations: DOPE =
1,2-dioleoyl-sn-glycero-3-phosphoethanolamine; PC = phosphatidylcholine;
DHN = 2,6-dihydroxynaphthalene. Lipid chains, oleic-, and palmitic acid,
are depicted in word form, for simplification.
Fig. 6.2 illustrates the components used in this study. The choice of lipids used e.g. DOPE,
PC, or cholesterol, in addition to the linker group connecting the molecular guest to the
lipid e.g. Np-DOPE vs. Np-PC, are related to the synthetic protocols used, or to the
resulting self-assembly properties sought, respectively.
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These two points will be discussed in further detail in subsequent subsections of this
chapter, which has been divided accordingly into: i) making synthetic lipids, ii) preparing
liposome suspensions, and iii) host-guest assembly studies with liposomes.
6.2.1 Making synthetic lipids
Multi-route syntheses towards artificial phospholipids are numerous,291–297 and are of-
ten met with challenging isolation protocols. An attractive method through which to
synthesise artificial phospholipids makes use of a family of enzymes known as Phosphol-
ipases,298–302 of which there are a number of classes, A-D. Each class slices phospholipids
at a different site (Fig. 6.3), and the Phospholipase D (PLD)-catalysed reaction in partic-
ular, has become a versatile method through which to attach a variety of artificial head
groups onto phospholipids.303–309
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Figure 6.3: Sites of hydrolysis for Phospholipase classes A-D (PLA-D). A lipase that per-
forms both PLA1 and PLA2 functions, is termed PLB.299
PLD is an important enzyme of biological relevance, and functions in a range of cellular
processes, including receptor signalling, vesicle transport, and in the reorganisation of
the actin cytoskeleton.310,311 Furthermore, phosphatidic acid (PA), the product of PLD-
catalysed hydrolysis (Fig. 6.3), is itself an intracellular signalling molecule, as well as a
precursor for lipid biosynthesis.311 PLD not only catalyses the hydrolysis of phospho-
lipids to PA, but also participates in transphosphatidylation reactions, in the presence of
alcohols (Fig 6.5c-d).
These hydrolysis, and transphosphatidylation reactions follow a so-called ping-pong mech-
anism (Fig. 6.4).300 It involves a histidine imidazole, which attacks the phosphate as a
nucleophile, while another histidine facilitates proton transfer. The resulting phosphat-
idyl-histidine intermediate releases an alcohol, and a molecule of water (or alcohol) then
attacks the phosphatidyl intermediate. PLD then dissociates, and a new phospholipid,
or PA, is generated.
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In our studies, the commercially available PLD Streptomyces sp. was used, and until now,
remains the only PLD isolated recombinantly to have had its tertiary structure elucidated.
This allows the above-described mechanism to be probed directly. PLD reacts with vari-
ous phospholipids, and is more reactive towards aggregated and water-insoluble sub-
strates.300 As used herein, transphosphatidylation reactions are usually carried out in a
biphasic mixture consisting of water and a water-immiscible organic solvent. The phos-
pholipids remain in the organic phase, while the enzyme resides in the aqueous phase.
The reaction, consequently occurs at the solvent interface.
P
OO
RO
O
O
Asp 473
NNH
His 170
O
O
Asp 202
NN
His 448
OR' H H
enzyme‛s active site
Figure 6.4: The initial step of the PLD-catalysed hydrolysis/transphosphatidylation reac-
tion; which involves the nucleophilic attack of a phosphate by histidine. Il-
lustrated is the role played by amino acid networks within the enzyme active
site.300
Due to hydrolysis being a competing, and undesirable side reaction in transphosphatid-
ylations carried out in the presence of water, progress has been made on allowing PLD-
catalysed reactions to proceed in anhydrous organic solvents.312–314 Amazingly, the tra-
ditionally low biocatalytic activities of enzymes in organic media has become surmount-
able through co-lyophilising the enzyme with salt, which compared to salt-free prepar-
ations, can exhibit up to 35,000-fold increases in activity.314 The salt, which becomes as-
sociated with the enzyme, is thought to alter the local mobility of the enzyme-bound
water molecules, hence enabling greater transition-state flexibility during catalysis.314
For salt-PLD preparations in anhydrous organic solvents, KCl salt is typically used, as
first described by Khmelnitsky et al.312
PLD-catalysed reactions require little purification other than the separation of the phos-
pholipid product from the enzyme and excess alcohol starting materials. Any remain-
ing phospholipid precursor need not be removed, since both product and precursor will
eventually be mixed again to form the liposomes, as we will see later. In our studies, Np-
DOPE was first synthesised through non-enzymatic means,291 and DOPE was chosen
initially as the target lipid based on a literature protocol which prepared a Ru(bpy)3 end
group-functional DOPE.
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The numerous steps associated with these, more conventional synthetic protocols, in ad-
dition to the associated challenges of purification, made a more efficient synthetic route
desirable. A recent study used a biphasic PLD-catalysed transphosphatidylation reaction
to prepare a redox-active, ferrocene-modified phospholipid,309 and provided us with the
inspiration to pursue an enzymatic route for the preparation of our functional phospho-
lipids.
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Figure 6.5: Synthesis of MV-Chol, Np-PC, and Np-DOPE. PLD = Phospholipase D (from
Streptomyces sp.). Conditions: a) i) NaI, MeCN, 100 oC, 24 hr, ii) NH4PF6,
H2O/THF (10:1 v/v) iii) TBAC·H2O, acetone; b) K2CO3, toluene, 110 oC, 36
hr; c) PLD, CHCl3/aqueous buffer (7:1 v/v), pH 5.6, 30 oC, 24 hr; d) PLD,
benzene/aqueous buffer (1:1 v/v), pH 5.6, 30 oC, 4 hr.
Np-DOPE was synthesised (Fig. 6.5d) using PLD in a biphasic mixture as adapted from
a literature procedure for obtaining aromatic phospholipids.303,315 Here, benzene was
used as the organic phase, and a 0.2 M NaOAc buffer (pH 5.6), as the aqueous phase.
The literature method discussed the use of benzene, as opposed to other commonly used
solvents for PLD-catalysed transphosphatidylations, such as EtOAc, diethyl ether, and
CHCl3; finding that the competing hydrolysis reaction occurred to a much lesser extent
when benzene was chosen as the organic phase.303 Hydrolysis was thought to be higher
when organic solvents with higher water solubilities were used, which is minimal for
benzene.
Fig. 6.6 compares the 1H NMR spectra of Np-DOPE (bottom), and its DOPE precursor
(top). The aromatic region of the naphthol head group is clearly visible, and a loss of
the precursor choline headgroup (peak g) is observed. The crude reaction mixture, upon
working up, was subject to purification by preparative thin layer chromatography (TLC).
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Figure 6.6: 1H NMR spectra of bottom: Np-DOPE, and top: DOPE. 500 MHz, CDCl3.
DOPE proton assignments were determined by COSY NMR.
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Figure 6.7: 1H NMR spectra of bottom: Np-PC, and top: PC. 500 MHz, CDCl3. PC proton
assignments were determined by COSY NMR.
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While DOPE-based phospholipids offered an initial starting point for guest-functional-
isation, an important point to consider is their assembly properties in water. DOPE
prefers to form the inverse hexagonal phase (HII ), with little lamellar bilayer phase (La)
forming.316–318 This would put our head group-functional guests on the inner surface of
any higher ordered structures formed in water. Phosphatidylcholine (PC), unlike DOPE,
readily forms bilayer structures in an aqueous environment.316 This enables its polar
head group, and potentially, our guest units, to face outwards in contact with the ex-
ternal aqueous phase. PC was therefore chosen as the lipid with which to pursue further
studies (Fig. 6.5c), on the basis of the accessibility of the lipid head group upon liposome
formation. Fig. 6.7 compares the 1H NMR spectra of Np-PC (bottom) and the PC pre-
cursor (top). The crude reaction mixture, upon working up, was subject to purification
by preparative TLC.
The addition of cholesterol to liposome formulations is known to increase the packing
between phospholipid molecules, and so reduces bilayer permeability.319 We synthesised
MV-Chol as shown in Fig. 6.5a, using a protocol adapted from the literature.320,321 MV-
Chol is itself an amphiphile (Fig. 6.8), and viologen-cholesterol derivatives have been
shown to exhibit sol-gel transitions322,323 in n-butanol,324 and readily form face-to-face
aggregates.321
9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 ppm
NN
2Cl
O
O
Chol cholesterol
Ar
DMSO
HDO
H2O
Ar-Me
Figure 6.8: 1H NMR spectra of MV-Chol. 500 MHz, DMSO-d6.
6.2.2 Preparing liposome suspensions
On mixing the lipids in water, a milky emulsion becomes readily apparent, and arises
from the higher ordered aggregates formed. The liposomes however, span the nano-,
to micron scale, and may be multilamellar in nature. The assembly of phospholipids to
form more well-defined liposomes requires greater care, in addition to the optimisation
of lipid formulations when multiple lipids are being used.325
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A general scheme for the preparation of liposomes using the dry lipid film method is
shown in Fig. 6.9. Firstly, the phospholipid mixture is dissolved in around 1 mL of
CHCl3 to a concentration of 2 mM in a test tube, vial, or RBF. To ensure full solubility,
between 100-200 µL of methanol may also be added. This homogeneous lipid mixture
is then slowly spun under reduced pressure at 40 oC (above the phospholipids’ melting
point),326 until a dry film results. From here, one can either proceed to the rehydration
step immediately. Or, a more delicate procedure is to dry the lipid film further for 4-8 hr
in a vacuum oven.
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Figure 6.9: The dry lipid film method for preparing liposome suspensions.
The rehydration step (Fig. 6.9) requires a pH 7-buffered aqueous solution, using (4-(2-
hydroxyethyl)-1-piperazineethanesulphonic acid (HEPES, 10 mM), for example, which
is added to the dry lipid film slowly down the sides of the flask.
a b c
Figure 6.10: Minicolumn centrifugation method for the separation of dye-encapsulated
liposomes from free dye, which remains on the column. a) 0.9 mL of the
dried G-50 Sephadex resin after centrifugation; b) loading 0.1 mL of the
dye/liposome mixture; c) after centrifugation, the free dye remains on the
column, and the dye-encapsulated liposomes are collected as the eluate.
66
Chapter 6 Lipid guests and molecular recognition with liposomes
The rehydration step may also be performed even more delicately, by use of a pre-hydration
step prior to adding the aqueous buffer. This is done by blowing water-saturated N2 gas
over the lipid film for about 30 min with gentle heating. Such careful practice becomes
more necessary for giant unilamellar vesicle (GUV) preparation,327 which are susceptible
towards breaking up into smaller, inhomogeneous vesicle mixtures when agitated. With
gentle shaking, the lipid film will slowly break off into the aqueous phase, forming lipo-
somes (Fig. 6.9). Sonication may also be used to disperse liposomes, although this will
result, as expected, in smaller vesicles.
100 μm
Figure 6.11: Left: An aqueous solution containing PC liposomes. Right: A fluorescence
microscope image of PC liposomes containing calcein dye. The red colour
has been added using ImageJ. Scale bar = 100 µm.
The aqueous buffer may also contain other buffers in place of HEPES, for example, Tris
(50 mM), KCl (0.2 M), CaCl2 (1 mM), and EDTA (1 mM), are common buffer compon-
ents.328 Sucrose (0.1 M) can also be added as a membrane cryoprotectant, which acts by
replacing membrane-bound water molecules.329 In addition, cholesterol, andα-tocopherol
(vitamin E), are common additives used to impart membrane stability.325
Dye molecules to be encapsulated within the liposome, are added during this rehydra-
tion step (Fig. 6.9).330 Carboxyfluorescein, calcein, and rhodamine 6G, are suitable water-
soluble dyes in common use, and their release profiles from the liposomes may be used to
probe membrane permeability, and interior volume.325 Fig. 6.10 illustrates the minicolumn
centrifugation procedure used to separate the dye-encapsulated liposomes from excess
free dye using a G-50 Sephadex resin. First the resin is made up in a 0.9% saline solution,
which may be stored in the fridge for several months. 0.9 mL of the resin, which has
a gel-like consistency, is pipetted into a cotton-plugged 1 mL syringe (with the plunger
absent). The syringe is then placed into a centrifuge tube, and spun for 3 minutes at 2,000
rpm. This process is repeated until 0.9 mL of dry resin fills the syringe (Fig. 6.10a).
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A 0.2 mL sample of dye-encapsulated liposomes is then added to the top of the syringe
(Fig. 6.10b), and is centrifuged three more times. After each run, the liposome-containing
eluate is taken from the centrifuge tube in which it collects (Fig. 6.10c), and re-centrifuged
through the column. The free, small molecule dye remains on the column, while the
larger, dye-encapsulated liposomes pass through the resin. Fluorescence microscopy may
then be used to image the purified dye-containing liposomes.
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Figure 6.12: 1H NMR spectra of an equimolar mixture containing: bottom: MV-Chol
alone; middle: MV-Chol + DHN, and top: with added CB[8]. The upfield
shifts in the aromatic proton region (6-10 ppm) confirms ternary complex
formation. The observed downfield shift in MV-Chol protons upon adding
CB[8] (top, asterisk) corresponds to those α-pyridinium protons that parti-
cipate in portal binding with CB[8]. Protons that participate in cavity binding,
shift upfield. 500 MHz, D2O, 1 mM.
Fig. 6.11 (left) shows a sample of a liposome suspension made from PC in the absence
of dye, along with a fluorescence image (right) taken of calcein dye-encapsulated PC
liposomes purified using minicolumn centrifugation. The liposomes appear monodisperse,
and offer sufficient contrast from the background, indicating that the dye is only present
within the liposome interior. The average size of the liposomes was determined to be
around 5 µm. The dye could also be seen to concentrate at the membrane, rather than
being localised evenly within the aqueous interior.
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This may be due to the lamellarity of the liposomes formed, where the dye may be
trapped between membranes. Another possibility, is that the dye interacts with the lipid
membrane through hydrophobic interactions.
6.2.3 Host-guest assembly studies with liposomes
Our studies on the molecular recognition properties of lipid guests with CB[8] began
with a simple control experiment involving an equimolar solution of MV-Chol + 2,6-
dihydroxynaphthalene (DHN). Fig. 6.12 depicts the 1H NMR spectra of MV-Chol meas-
ured alone (bottom), with added DHN (middle), and in the presence of CB[8] (top). Line
broadening, along with significant upfield shifts for the aromatic MV-Chol and DHN
proton signals, are clearly visible in the 6-10 ppm region. Initially, a weak charge-transfer
interaction forms between MV-Chol and DHN, which is enhanced on CB[8] binding.
This leads to further encapsulation-induced chemical shift changes in the MV-Chol sig-
nals (Fig. 6.12 top, asterisk).60
UV-visible spectroscopy is also a valuable means through which to confirm CB[8] tern-
ary complex formation.60 Fig. 6.13 (left) shows the pink-to-blue colour change observed
on adding equimolar amounts of CB[8] to a solution of MV-Chol and DHN to form the
ternary complex. The colour of CB[8]-ternary complex solutions relate to the molecular
guests used. A blue colour is anticipated when using DHN as a second guest, and this
correlates with previous physical studies carried out in our group.331
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Figure 6.13: Left: An equimolar solution of MV-Chol + DHN (pink), which turns blue
upon CB[8] addition; Right: UV-vis spectrum depicting the increasing in-
tensity of the charge transfer band (blue trace), upon the addition of CB[8] to
an equimolar solution of MV-Chol + DHN (red trace). This is indicative of
CB[8] binding. H2O, 50 µM.
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The UV-visible spectrum (Fig. 6.13 right) shows the wavelength region in which the
charge transfer band, a typical indicator of ternary complex formation, is observed.60
The equimolar mixture of MV-Chol and DHN (red trace) already shows a weak charge-
transfer interaction, as is common,60 and this interaction is enhanced on ternary complex
formation with CB[8] (blue trace). The MV-Chol and DHN first and second guests do
not absorb in this region when measured individually.
+ CB[8]
Figure 6.14: Size distribution by intensity for: red: MV-Chol + DHN, and, blue: on add-
ing CB[8]. D2O, 10 µM, 20 oC.
Interestingly, dynamic light scattering (DLS) measurements (Fig. 6.14) provided evidence
of a significant change in the size distribution of aggregates formed between MV-Chol
and DHN upon CB[8] addition. Prior to CB[8] addition, polydisperse aggregates are ob-
served between 15-700 nm. Upon ternary complex formation however, numerous mon-
odisperse aggregates of around 225 nm are formed. CB[8]-ternary complex formation is
known to support higher ordered aggregate assembly, for example, polymer vesicles, as
demonstrated by our group previously.168 It is therefore feasible, given the amphiphilic
nature of MV-Chol, that higher solution architectures are accessible. It could be that
the amphiphilic nature of MV-Chol alone, enables a range of smaller to larger sized ag-
gregates to form initially due to multiple non-specific interactions involving both the
viologen-head group, and the cholesterol moiety. Upon CB[8]-bnding, the viologen head
group becomes more shielded, enabling aggregates to form through noncovalent inter-
actions dominated by the cholesterol tail. Interestingly, viologen-functionalised C12- and
C16-alkyl chains have also been shown to assemble into vesicles upon ternary complex
formation with DHN and CB[8], with a size range of 20 nm-1.2 µm, depending on chain
length.332
We then went on to probe the molecular recognition properties of Np-PC and MV-Chol
when incorporated into liposomes. Fig. 6.15 illustrates the steps followed for these pre-
liminary experiments.
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Firstly, dye-encapsulated liposomes were prepared using the dry lipid film method de-
scribed previously. Two batches of liposomes were prepared; one consisting of a Np-
PC:PC formulation, the other, a MV-Chol:PC formulation. The two batches of liposomes
were also prepared with different dyes, one containing calcein (50 mM), the other, rhod-
amine 6G (30 mM). Calcein dye was found to be successfully encapsulated within the
liposomes, whereas for some MV-Chol:PC formulations, rhodamine 6G was found to
leak from the liposome interior. Calcein dye was then used for subsequent experiments.
liposome
+
encapsulated dye
Np-PC:PC MV-Chol:PC
CB[8]
Figure 6.15: Inter-liposomal molecular recognition studies with CB[8]. Two, dye-
encapsulated liposome samples were prepared, one containing a Np-PC:PC
formulation, the other, with MV-Chol:PC.
Np-PC:PC formulations were tested at 5-10:95-90 mol%, and for MV-Chol:PC, at 6-20:94-
80 mol%. Imaging using fluorescence microscopy showed no evidence of giant, µm-sized
liposomes; which we sought to obtain using the preparation method followed.325,327 The
mol% of lipids used in our formulations corresponded to that used in other studies where
synthetic lipids,292,325,333,334 or functional-cholesterol units,325,335 have been incorporated
into PC-based liposomes. Giant vesicles were desired due to their relative ease of rapid
characterisation by light and fluorescence microscopy. Smaller vesicles (< 1 µm) incor-
porating our synthetic lipids may well have formed, but require transmission electron
spectroscopy (TEM) to be properly imaged.
As depicted in Fig. 6.15, the assembly and characterisation of liposomes doped with
our synthetic lipids, Np-PC and MV-Chol, will enable us to then test their molecular
recognition properties in the presence of CB[8]. For example, it could be envisioned,
that discrete liposomes are formed initially, which, upon CB[8] addition, aggregate into
clusters bound through noncovalent interactions (Fig. 6.15).336,337 1H NMR,338 and dif-
fusion NMR339–341 methods have also been used to probe liposome assemblies, and will
be used to complement further experiments. Furthermore, the lipid formulations used
will require optimisation, and attention will be paid to phospholipid head group charge
effects on liposome stability.
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PC is zwitterionic at the neutral pH values employed in our liposome preparation. How-
ever, Np-PC, prepared through PLD enzyme catalysis, replaces the choline group of
PC with a naphthol moiety. Np-PC then carries a net negative charge on account of
its phosphate group. Negatively-charged phospholipids, for example, phosphatidylgly-
cerol (PG) are typically incorporated at 10 mol% with PC (90 mol%), and are able to form
giant vesicles even at high ionic strengths (>10 mM salt).328 MV-Chol, by contrast, is a
dicationic species, which, as demonstrated above, is itself able to assemble into higher
ordered structures in aqueous solution. Charged lipids are not necessarily detrimental
to bilayer formation or liposome stability. In fact, negatively-charged phospholipids play
an essential role in maintaining membrane stability in biology, and support other import-
ant, functional interactions.342,343 However, what it does necessitate, is the optimisation
of the lipid formulation in order to achieve a stable system. This will enable us to study
the effects of CB[8]-binding more thoroughly.
6.3 Conclusions
In this chapter we have discussed our preliminary findings towards guest-functionalised
synthetic lipids, and the preparation and characterisation of liposome suspensions. Fur-
ther work will continue on this front. A selection of guest-functional phospholipid, and
cholesterol units have been prepared, and methods for preparing dye-encapsulated lipo-
somes have been described. Finally, future work will focus on optimising the system,
and to probe the host-guest recognition properties of the guest-tagged liposomes. As
described, the lipid formulations will require particular attention. Furthermore, we will
seek to elucidate the partitioning preferences, and orientation of the lipids within the
bilayer membranes formed. NOE experiments for example, have been used previously
to investigate the back-folding of aromatic head groups in lipid membranes.292,334 Giant
vesicles are desired due to their ease of visualisation using microscopy, though homo-
geneous samples of smaller vesicles filtered through a size-extruder can also be obtained.
Furthermore, liposomes doped with guest-functional alkyl chains, rather than phospho-
lipids, will be another direction worthy of pursuit. In addition, integrating CB[8] host-
guest chemistry with simple fatty acids, may offer an innovative route towards generat-
ing self-replicating vesicles.
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6.4 Experimental section
6.4.1 General Procedures
1H, COSY, and 13C NMR were recorded on a Bruker Avance 500 MHz Ultrashield spec-
trometer equipped with a 5 mm BBO ATM probe with a z-gradient. An HI8014 pH
meter from Hanna instruments was used for pH measurements, and calibrated at pH 4,
7, and 10 with calibrant solutions prior to use. An MSE Mistral 1000 centrifuge was used
with centrifuge tubes obtained from VWR. Fluorescence microscopy was performed on a
Nikon Eclipse ME600L microscope using the DN100 capture system. Dynamic light scat-
tering (DLS) measurements were performed on a Malvern Zetasizer NS90 instrument.
6.4.2 Materials
All starting materials were purchased from Alfa Aesar and Sigma Aldrich and used as re-
ceived unless stated otherwise. PC and PG lipids (from egg) were purchased from Avanti
Polar Lipids, and were dissolved in CHCl3 and frozen below -20 oC on receipt. DOPE
lipid >98+% was purchased from Sigma. PLD (Type VII) from Streptomyces sp. was pur-
chased from Sigma, and frozen below -20 oC on receipt; it possessed an activity of >150
units/mg. G-50 Sephadex was purchased from Sigma (100-300 µm dry bead diameter).
Ethyl carbonate 99+% was obtained from Acros Chemicals.
Preparation of calcein and rhodamine 6G dye solutions: Calcein (938 mg, 1.0 mmol) was
weighed into a beaker, and 10 mL distilled water was added. The pH was adjusted from
about 2.2 to 7.4 with 4 M NaOH. Time was allowed for the calcein to completely dissolve,
and then diluted with distilled water to a final volume of 20 mL (50 mM). Similarly, rhod-
amine 6G solutions were prepared from rhodamine 6G (575 mg, 1.2 mmol), and diluted
with 40 mL of distilled water to a final concentration of 30 mM (pH 7.5).
Dry lipid film procedure for the preparation of liposomes: The lipids were dissolved in
CHCl3 (0.1 M), and 20 µL of this solution was added to a 50 mL RBF containing 980 µL
of CHCl3 and 100-200 µL of methanol. The aqueous phase (7 mL of distilled water or
buffer) was then carefully added along the flask walls. Liposomes were formed in dis-
tilled water, or in HEPES buffer (10 mM, pH adjusted to 7.4 with NaOH). Molecules to
be entrapped in the vesicles were added to the buffer solution prior to evaporation of the
organic solvent. We used calcein (50 mM), or rhodamine 6G (30 mM) in HEPES buffer.
The organic solvent was removed on a rotary evaporator under reduced pressure at 40 oC
and 40 rpm.
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After evaporation for around 5 min, an opalescent fluid was obtained with a volume of
approximately 7 mL. The resulting aqueous solution contained liposomes in high con-
centration.
Preparation of the G-50 Sephadex minicolumn: G-50 Sephadex resin (10 g) was allowed
to swell in 120 mL of a 0.9% NaCl solution in a glass screw-capped bottle for at least 5 hr
at room temperature. The gel was stored at 4 oC until required for use. The glass plun-
gers were removed from 1 mL disposable plastic syringes (one for each sample), and the
barrels were plugged with cotton wool. Each barrel was then placed in a centrifuge tube,
and filled to the top with hydrated resin using a pasteur pipette with the teat removed.
The centrifuge tubes were then centrifuged for 3 min at 2,000 rpm to remove the saline
solution. After spinning, the dry resin minicolumn’s bed height was at the 0.9 mL mark.
Typical minicolumn centrifugation method for liposome purification: 0.2 mL of the un-
diluted liposome suspension was applied dropwise to the top of the minicolumn. Care
was taken not to let the sample trickle down the sides of the column bed. The columns
were spun for 3 min at 2,000 rpm using a bench centrifuge to expel the void volume con-
taining the liposomes into the centrifuge tube. The eluates were then removed from each
tube, and re-applied to the top of the column. The centrifugation process was repeated a
total of 3 times, and the resulting eluates were stored in snap-cap glass vials for further
analysis.
Molecular recognition studies with CB[8]: The column-purified, dye-encapsulated lipo-
some suspensions (0.1 mL if a single batch, or 2 × 0.05 mL for mixed liposome studies),
was added to a vial containing CB[8] (1 mg), and diluted to 1 mL with distilled water.
The solutions were then imaged using a fluorescence microscope.
Synthesis of (Np-DOPE): DOPE (51.8 mg, 70 µmol) and 2-naphthol (0.12 g, 0.8 mmol)
were mixed with benzene (5 mL) and 0.2 M NaOAc buffer (5 mL, pH 5.6) containing
100 units of PLD, and incubated at 30 oC for 4 hr with vigorous stirring. To the reac-
tion mixture, 5 mL of 1 M HCl was added, and the mixture was extracted with 10 mL
of CHCl3-methanol (3:1 v/v). The organic layer was washed twice with water, dried
over MgSO4, filtered, and concentrated under reduced vacuum. The resulting yellow oil
was purified by preparative TLC using a CHCl3-methanol (8:1 v/v) mixture as the elu-
ent, yielding Np-DOPE as a colourless waxy solid (29.5 mg, 51%); 1H NMR (500 MHz,
CDCl3): 7.95-7.0 (m, 7H), 5.35 (4H, m), 4.51-4.0 (m, 4H), 2.6-0.7 (m, 62 H); m/z (ESI) 825.54
(M+, 100%).
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Synthesis of 2-(2-hydroxyethoxy)naphthalene (Np-EtOH): A mixture of 2-naphthol (2 g,
13.9 mmol), ethylene carbonate (2.4 g, 27.3 mmol), and anhydrous K2CO3 (3.8 g, 27.5
mmol) in toluene (50 mL) was refluxed for 36 hr. After cooling to room temperature, wa-
ter was added, and the aqueous layer was separated and extracted twice with toluene.
The organic phases were combined, dried over MgSO4, filtered, and concentrated under
reduced pressure. The resulting brown oil was purified by chromatography on silica gel,
using cyclohexane-EtOAc (60:40 v/v) as the eluent, yielding Np-EtOH as a yellow solid
(0.44 g, 17%); 1H NMR (500 MHz, CDCl3): 7.85 (m, 3 H), 7.52 (m, 1 H), 7.45 (m, 1H), 7.36
(m, 2H), 4.16 (m, 2H), 4.05 (m, 2H).
Synthesis of Np-PC: PC (100 mg, 0.1 mmol) and Np-EtOH (0.24 g, 1.3 mmol) were mixed
with CHCl3 (4 mL) and aqueous buffer containing 0.1 M NaOAc and 50 mM CaCl2 (0.6
mL, pH 5.6) containing 100 units of PLD, and incubated at 30 oC for 24 hr with vigor-
ous stirring. To the reaction mixture, 10 mL of 1 M HCl was added, and the mixture
was extracted with 20 mL of CHCl3-methanol (3:1 v/v). The organic layer was washed
twice with water, dried over MgSO4, filtered, and concentrated under reduced vacuum.
The resulting yellow oil was purified by preparative TLC using a CHCl3-MeOH (4:1 v/v)
mixture as the eluent, yieldingNp-PC as a colourless waxy solid (53.3 mg, 48%); 1H NMR
(500 MHz, CDCl3): 1H NMR (500 MHz, CDCl3): 7.77 (m, 3H), 7.47 (t, 1 H), 7.38 (t, 1H), 7.2
(m, 2H), 5.36 (s, 2H), 4.25 (m, 2H), 4.08 (m, 2H), 3.75 (m), 3.52 (m), 2.17-1.88 (m), 1.7-0.78
(m, 62H).
Synthesis of MV-Chol: Methyl viologen PF6− salt (0.3 g, 0.98 mmol) was reacted with
equimolar amounts of NaI (147 mg) and cholesteryl chloroacetate (0.45 g) in MeCN at
100 oC for 24 hr. The orange-brown precipitate was collected by filtration and washed
several times with chloroform, which, on drying, yielded a yellow solid. The pure PF6−
salt was isolated by counterion exchange with NH4PF6 in a water-THF mixture (50:5 mL)
with heating. Upon cooling, filtering, and drying in a vacuum oven, the resulting white
precipitate was dissolved in the minimum amount of acetone, and TBAC was added un-
til maximum precipitation occurred, yielding the MV-Chol Cl− salt as a yellow solid (0.1
mg, 17%); 1H NMR (500 MHz, DMSO-d6): 9.38 (d, 2H), 9.36 (d, 2H), 8.92 (d, 2H), 8.81 (d,
2H), 5.8 (s, 2H), 5.39 (s, 1H), 4.64 (t, 2H), 4.47 (p, 1H), 2.2-0.65 (m, 46 H) ppm.
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Herein, I have discussed our investigations into CB[8]’s ability to self-assemble syn-
thetic, and biological building blocks in water through host-guest interactions.65,66 We
have shown that CB[8] forms ternary complexes with an electron-deficient viologen first
guest, and an electron-rich, naphthalene-derived second guest. Appending these guests
to polymers,168,169,194,344 peptides/proteins,166,238,345–349 or lipids, enables host-guest re-
cognition, and importantly, distinct molecular species to be brought together as one com-
ponent. This may then lead to higher ordered structures103,350 such as block copolymers,
liposomal assemblies, and protein-polymer conjugates. This is an important transition,
one from small molecule building blocks, towards larger and more complex entities.
Furthermore, the fact that this can be achieved in water is an impressive feat. Water
offers a competitive environment that acts to disrupt certain non-covalent interactions.
CB[8] achieves host-guest specificity through synergy between multiple non-covalent in-
teractions acting in concert,351 forming stable complexes that are also reversible,352,353
either electrochemically on account of the viologen component,167,354 or, in the presence
of a competing guest.355 Given the progress made using other molecular hosts, for ex-
ample, cyclodextrins,356 calixarenes,357 and crown ethers,358,359 there is certainly scope
for CB[8] and its homologues to gain further prominence in supramolecular chemistry.
These molecular hosts offer the advantage that they may be simply added to a mixture
of molecules without prior functionalisation of any sort, requiring only that an affinity
exists. There are also interesting synthetic questions relating to CB[n] formation,99 their
symmetry,104 in addition to the physical concepts that underlie the observed solution
binding phenomena.61
Two questions may then be asked: i) which to use; synthetic, or biological building
blocks?; and ii) why CB[8] as a molecular host? While valid lessons may be learnt from
using synthetic building blocks, for example, connecting molecular design with func-
tion, as well as attaining non-natural molecules with tailor-made properties; biological
molecules offer a natural starting point from which a library of simple molecules already
exists.360
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Furthermore, these molecules already contain the encoded ability to form higher ordered
architectures.14,28,192 It is also worthy of note that small molecules,361 for example, amino
acids,362 fatty acids,271 lactones,363 and salts,,81,364 play a very important role in main-
taining the structure and function of living cells and its molecular machines,365 as well as
in regulating the macromolecular architectures that maintain the cell’s compartmented
nature.282 If we then look to gain greater insights into the workings of biology, there is
certainly no shortage of biological targets to use as the basis for this understanding.
This brings us on to CB[n] hosts, which have enjoyed a successful resurgence over the
past decade.89,91,96,102 They are often compared to other molecular hosts, and the cyclo-
dextrin family in particular. In fact, each macrocyclic host offers its individual mix of
advantages and disadvantages for a particular application. CB[n]s should therefore be
seen as a component with which to enrich, and not to compete with, the molecular di-
versity already available to the supramolecular chemist.366
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